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Abstract 
Nafion® Blend Membranes for the Direct Methanol Fuel Cell 
Nicholas William DeLuca 
Advisor: Prof. Y. A. Elabd 
 
 
 
The direct methanol fuel cell (DMFC) will replace lithium ion batteries in portable 
electronic devices, where current DMFCs operate at double the power density of current 
lithium ion batteries with instant recharge (refuel) capability. However, the DMFC could 
provide much higher power densities if the heart of the fuel cell – the polymer electrolyte 
membrane (PEM) – were more resistant to the fuel (methanol). Therefore, the 
development of Nafion® (the most commonly used PEM in fuel cells) alternatives that 
exhibit high proton conductivity and low methanol permeability (high selectivity) is an 
active area of research. Polymer blends are a simple and cost-effective method to develop 
membranes that conjoin both of the desired transport properties. To date, there is limited 
research in the area of PEM blends, and furthermore, a number of unresolved questions. 
In this study, the effects of blend composition, chemistry, and processing on polymer 
morphology and subsequently the transport properties and selectivity were investigated. 
A key result in this study was comparing solution cast membranes to heat pressed 
membranes. Both heat pressed membranes and unannealed solution cast membranes 
resulted in immiscible blends with low selectivity, while annealed solution cast 
membranes improved miscibility and subsequently selectivity. These results were 
confirmed, where the DMFC performance of an annealed solution cast blend membrane 
of Nafion®/poly(vinyl alcohol) (PVA) (with only 5 wt% PVA) was 33% higher than 
Nafion® (the commercial standard) at a high methanol fuel concentration (8 M).
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Chapter 1. Introduction 
 
1.1. Overview 
An important cause of poor performance in DMFCs is methanol crossover through the 
polymer membrane from anode to cathode. Therefore, the development of alternative 
PEMs exhibiting low methanol permeability and high proton conductivity is an active 
area of research. Although alternative PEMs have been widely studied and developed in 
the literature, a clearer understanding of polymer morphology showing improved 
selectivity has not yet been realized.  
 
The overall goal of this research will focus on the relationships between polymer 
structure and morphology in polymer electrolyte membranes (PEMs) with respect to 
performance in the direct methanol fuel cell. The main objectives were to understand 
ionomer morphology, blend morphology, the effects of polymer chemistry, and 
processing conditions in the development of polymer electrolyte blend membranes and 
describe the effects of each on selectivity for protons over methanol. Ionomer 
morphology was investigated with respect to processing conditions, an important variable 
in the preparation of PEMs. Blend morphology was studied with respect to blend 
composition and components, annealing temperature, and preparation techniques. Each 
parameter caused changes in blend morphology, which subsequently affected selectivity 
in blend membranes. In the subsequent chapters, novel membranes for the direct 
methanol fuel cell have been developed and characterized in great detail. While an 
immediate objective was to develop polymer membranes that would show improved fuel 
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cell performance, an understanding of how and why these membranes show performance 
improvements will aid in the future development of polymer electrolyte membranes for 
the direct methanol fuel cell. To begin, an overview of fuel cells will be presented. 
 
Several key questions that were investigated include: 
• What is the effect of ionomer morphology on the transport properties in PEM?  
• Are blends beneficial to selectivity in PEMs for the DMFC? 
• What effects do annealing and acidification have on PEM selectivity?  
• What is the effect of blend composition and chemistry on selectivity? 
• How do processing conditions affect PEM (homopolymer or blend) morphology?  
 
1.2. Fuel Cells 
A fuel cell is an electrochemical cell that converts chemical fuel into electrical energy. 
The fuel cell was first invented by Sir William Grove in 1839, but its commercialization 
has been limited by high cost, material limitations, and low operational efficiencies.  The 
first successful application of a fuel cell was demonstrated by NASA in the Gemini and 
Apollo space programs as a way to deliver potable water to the astronaut crew.1 Today 
research has focused on developing fuel cells for stationary, automotive, portable, and 
military power applications. Fuel cells, in general, are attractive because they provide an 
innovative alternative to current power sources with higher efficiencies, renewable fuels, 
and a lower environmental cost.  
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A simplistic view of a fuel cell is shown in Figure 1.1. The main components of a fuel 
cell (specifically polymer electrolyte membrane fuel cell (PEMFC)) are catalyst layers, 
gas diffusion layers and the polymer electrolyte membrane (PEM). These three 
components make up what is known as the membrane electrode assembly (MEA). The 
catalyst layers act as electrodes and typically consist of platinum or platinum alloys. Gas 
diffusion layers are carbon fiber cloths that act as a medium to disperse the fuels evenly 
across the polymer electrolyte membrane. The polymer electrolyte membrane acts as a 
proton conductor and barrier to unwanted molecular transport. The PEM typically 
consists of strongly acidic groups which aid in proton transport through the membrane. 
The fuel cell produces power via an electrochemical reaction in which a fuel is oxidized 
at the anode to produce protons and electrons. Protons travel through the PEM where 
they react with oxygen at the cathode to produce water. Electrons travel along an external 
circuit to power the load attached to the fuel cell.  
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Figure 1.1.  Schematic of polymer electrolyte membrane fuel cell. 
 
The power output of a fuel cell is governed by an electrochemical reaction. As current 
flows through the system, a deviation of the potential from the ideal output occurs. This 
deviation from ideality is referred to as the overpotential, η. Several factors that 
contribute to the overpotential are reaction kinetic losses at the anode and cathode 
catalyst, ohmic losses in the electrolyte, and mass transfer limitations at the electrodes. 
Slow reaction kinetics associated with the catalytic losses at the anode and/or cathode 
results in overpotential in the initial stages of operation. As more current is transported 
through the fuel cell, the resistive characteristics of the PEM (ohmic losses) become a 
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factor in the overpotential. At higher currents, water management becomes important, 
where the accumulation of water at the cathode can limit mass transfer of fuel, which will 
increase the overpotential.1 Figure 1.1 shows polarization (voltage vs. current density) 
and power (power density vs. current density) curves for a direct methanol fuel cell, 
where these three types of overpotential are denoted on the figure.  
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Figure 1.2.  Direct methanol fuel cell power (z) and polarization () curves (Nafion® 
117 as the PEM with a 2 M methanol feed concentration at 80 oC).  
 
There are a number of different fuel cells being investigated, which include alkaline fuel 
cells (used in the Apollo space program) (AFC), phosphoric acid fuel cells (PAFC), solid 
oxide fuel cells (SOFC), molten carbonate fuel cells (MCFC), and polymer electrolyte 
membrane fuel cells (PEMFC) (first used in the Gemini space mission) which encompass 
6 
 
 
two wide fields of research, the hydrogen fuel cell and direct methanol fuel cell (DMFC). 
Fuel cells are classified is primarily based on the electrolyte used. Each type of fuel cell 
has intended applications based on power output limitations, operating temperature, and 
size of the power system.  
 
Alkaline fuel cells typically utilize potassium hydroxide (KOH) as the electrolyte and 
have the highest electrical efficiency of all fuel cells but suffer economically from the 
necessity for ultra pure gases for its fuel. The operating temperature for AFCs is below 
100 oC, but higher temperatures are desirable for improved hydrogen oxidation kinetics. 
The expected power output of an AFC is in the range of tens of MW.1  
 
Phosphoric acid fuel cells are commercially the most advanced system due to simple 
construction and the thermal and chemical stability of the phosphoric acid electrolyte at 
an operating temperature in the range of 150-200 oC. It is mainly used for stationary 
power ranging from dispersed power to on-site generation plants. Power outputs of 0.2-
20 MW are able to supply shopping malls and hospitals with electricity, heat and hot 
water and are commonly used as primary or backup power for these sites.1  
 
Molten carbonate and solid oxide fuel cells operate at high temperatures, 600-800 and 
800-1000 oC, respectively, and are useful in stationary power applications. The molten 
carbonate fuel cell uses liquid lithium potassium or lithium sodium carbonate stabilized 
in a matrix as the electrolyte for the system, while solid oxide fuel cells utilize ceramics 
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as the solid electrolyte. An advantage for SOFCs over MCFCs is the solid electrolyte, 
which eliminates the concern over liquid electrolyte leaking out of the system.1  
 
The polymer electrolyte membrane fuel cell uses a proton-conducting polymer membrane 
as the electrolyte at an operating temperature of 80-105 oC. Commonly used reactants for 
this system are hydrogen and methanol. Due to its low operating temperature, hydrogen 
and methanol fuel cells are popular for use in automotive and portable electronic 
(consumer) applications. The most commonly used PEM for this application is Nafion®, a 
perfluorinated polymer developed by DuPont. This polymer will be discussed in detail in 
section 1.4. The hydrogen fuel cell operates with the use of carbon-supported platinum 
catalysts at the anode and cathode and a polymer electrolyte membrane sandwiched 
between them. Hydrogen is fed to the anode and catalytically oxidized. Electrons are 
created in the oxidation reaction and flow on an outer circuit to power the load connected 
to the power source. Protons flow through the polymer membrane and react with oxygen 
at the cathode in a reduction reaction to give a clean byproduct of water. The focus of this 
work in the direct methanol fuel cell is described in more detail below.  
 
1.3.  Direct Methanol Fuel Cells 
Over the past 15 years, research activity in direct methanol fuel cells (DMFCs) has grown 
exponentially (shown in Figure 1.3). The DMFC has generated interest in regards to 
portable electronic devices, with a potential to offer 10 times higher power densities than 
current lithium-ion rechargeable batteries.2 Although there are several different types of 
fuel cells, the DMFC offers the most promising alternative for portable power 
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applications, because it is a low temperature device, environmentally benign, and its fuel 
is portable and inexpensive. Therefore, considerable research effort is focused on 
miniaturizing and improving the efficiency of the DMFC.3-5 Recently, a number of 
companies, including Toshiba, Hitachi, Fujitsu, and Sanyo have all developed prototype 
laptops, cellular phones, and personal digital assistants that are powered by a DMFC.6  
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Figure 1.3. Peer-reviewed publications per year for ‘methanol fuel cells’ (solid bars) 
and ‘membrane’ and ‘methanol fuel cells’ (shaded bars). Data collected 
from ISI Web of Science®.7 
 
In the DMFC (Figure 1.3), energy is converted when liquid methanol is directly 
catalytically oxidized at the anode and produces protons and electrons. Protons diffuse 
through a polymer electrolyte membrane (PEM) to the cathode, where they combine with 
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electrons to produce electrical energy with water and carbon dioxide as byproducts. The 
anode, cathode, and overall cell reactions, respectively, are 
CH3OH + H2O → 6H+ + 6e- + CO2      (1.1) 
3/2O2 + 6H+ + 6e- → 3H2O       (1.2) 
CH3OH + 3/2O2 → 2H2O + CO2      (1.3) 
In Figure 1.4, the anode catalyst/PEM/cathode catalyst composite is the MEA where the 
anode catalyst is a platinum/ruthenium alloy and the cathode catalyst is platinum. 
Catalyst is usually adhered to the membrane, and carbon fiber cloth, or gas diffusion 
layer (GDL), is placed on each side of the MEA during PEM fuel cell tests. 
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Figure 1.4.  Schematic of the direct methanol fuel cell (DMFC). 
 
Although current DMFCs report power densities double that of current lithium-ion 
rechargeable batteries with an overall efficiency ~20-25%, there are critical factors that 
hinder the ability of the DMFC to reach its maximum efficiency (~100%): slow reaction 
kinetics at the anode and methanol crossover.8 The oxidation of methanol is composed of 
a series of successive reactions creating formaldehyde and formic acid as intermediates 
that contribute to slow reaction rates and decreased cell voltage.9 The switch from 
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platinum to a bimetallic platinum/ruthenium for the anode catalyst provided some initial 
improvement in methanol oxidation rates.8 Currently, the investigation of new anode 
catalysts to improve oxidation reaction rates is an active area of research as it applies to 
the DMFC.1  
 
In addition, methanol crossover (high methanol permeability in the PEM) contributes to 
decreased overall cell efficiency and lifetime.11-13 The reaction of methanol at the cathode 
results in a loss of fuel and cathode voltage and is referred to as a mixed potential. 
Typically, low methanol concentrations (~1-2 M; 4-8 vol%) are used in the DMFC to 
combat this problem, which limits the overall cell potential. If methanol crossover in 
PEMs was not an issue, a higher methanol concentration could be used, which would 
result in a significantly higher cell voltage. Note that ~17 M or 69 vol% corresponds to 
the equimolar concentration coinciding with the anode half cell reaction (Eq. 1.1). 
Current DMFCs have an open circuit voltage (~0.7 V) approximately half of the 
electromotive force or reversible ‘no-loss’ cell voltage (~1.2 V) determined from the 
change in molar Gibbs free energy of the DMFC overall reaction. Figure 1.5 shows ideal 
and typical DMFC performance (ambient conditions), where the differences (efficiency 
loss) can be observed over an operating current range.8  
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Figure 1.5. Fuel cell performance (voltage and power density versus current density) 
for a typical DMFC operating under ambient conditions (represented by 
the solid lines). The ideal (‘no loss’ voltage) performance is represented 
by the dashed lines. Data adapted from Larminie and Dicks.8 
 
 
 
Cell operating temperature and anode and cathode flow rates can all impact DMFC 
performance. However, methanol concentration, in particular, has a significant effect, 
where a 66% reduction in power density was observed when the methanol concentration 
in the anode feed was increased from 2 to 16 M (Figure 1.6) using Nafion® as the 
polymer electrolyte membrane. It should be noted that 16 M is close to the stoichiometric 
equimolar concentration of 17 M methanol, but due to overall decreased cell efficiency, a 
1-2 M methanol feed is the standard for optimal DMFC operation. Similar results were 
observed in another study as a 66% decrease in voltage at an optimal operating current 
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density and a decrease in open circuit voltage are observed when the methanol 
concentration in the anode feed was increased from 2 to 6 M.13 The efficiencies 
experienced in the DMFC are observed using Nafion®.  
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Figure 1.6. Power (open) and polarization (filled) curves of Nafion® 117 at 2 M 
({,z), 4 M (,), 8 M (,¡), and 16 M (U,S) methanol feed 
concentrations. DMFC experimental conditions – cathode and cell 
temperature – 80 oC, anode temperature – 23-26 oC, cathode backpressure 
– 176 kPa, methanol flow rate – 4 mL/min.  
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1.4. Nafion® 
Today, Nafion® (DuPont) is the most frequently used PEM in DMFCs (chemical 
structure shown in Figure 1.7).  
(CF2CF2)x (CFCF2)y
OCF2
CF3
SO3HCF OCF2CF2
[ ]n
 
Figure 1.7. Chemical structure of Nafion®. 
 
It contains a hydrophobic fluorocarbon backbone and perfluoroether side chains 
terminating in a super acidic, hydrophilic ionic pendant group, sulfonic acid. In Figure 
1.7, the sulfonic acid group is shown in its anhydrous form: SO3H. When exposed to 
water, its hydrolyzed form (SO3¯H3O+) allows for effective proton transport across the 
membrane. In addition to high proton conductivity at optimal water contents, Nafion® 
membranes are also thermally, chemically, and oxidatively stable. These are several 
reasons why Nafion® is used not only in the DMFC, but also in PEM fuel cells that use 
hydrogen and other chemicals (e.g., ethanol) as their fuel. Despite all of these positive 
attributes, Nafion® suffers from high methanol crossover rates. Therefore, active research 
has focused on the development and evaluation of new PEMs (Nafion® replacements) 
that are methanol resistant. Figure 1.3 shows that approximately half of the research in 
the area of DMFCs is focused on membrane development. The subsequent sections will 
review transport phenomena in PEMs as it pertains to the DMFC and highlight 
membrane development research in the literature.  
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1.5. Transport in PEMs 
In order to understand the performance of the PEMs in fuel cell applications, transport 
phenomena in PEMs must be considered. A detailed account of a wide range of aspects 
of transport phenomena in PEMs can be found elsewhere.14 In this chapter, transport 
phenomena in PEMs as it relates to the DMFC (transport of protons, water, and 
methanol) is highlighted. 
 
Typically, the transport of small molecules across a dense (nonporous) polymer 
membrane follows a solution-diffusion mechanism.15 Transport can be described as 
sorption of solutes  into the membrane (upstream or high concentration side), diffusion 
across the membrane (concentration gradient is the driving force), and desorption of 
solutes out of the membrane (downstream or low concentration side). Overall, the 
transport rate is determined by a permeability coefficient (P), which is a product of the 
solubility (S) and the diffusion coefficient (D). 
SDP =           (1.4) 
Solubility is the equilibrium parameter based on solute-polymer thermodynamics, while 
the diffusion coefficient is a kinetic parameter based on the size of the diffusant and the 
free-volume or structure of the polymer. The ratio of desired (1) to undesired (2) solute 
permeabilities is referred to as selectivity (α).  
22
11
2
1
2/1 DS
DS
P
P ==α         (1.5) 
Overall, this generally describes selectivity for solute-polymer systems (e.g., gases or 
organic vapor/liquid diffusion in non-ionic dense polymer membranes). However, for 
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transport phenomena in PEMs (ionic polymers), there are a number of additional 
parameters to consider, such as ion transport, the ionic structure of the polymer, and a 
potential difference (in a fuel cell).  
 
Experimentally for the separate proton conductivity and methanol permeability 
measurements, the transport of protons (desired) and methanol (undesired) are the two 
primary diffusing solutes of interest. The steady-state flux of protons in a membrane can 
be described by the Nernst-Planck equation:16 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ Ψ∇+∇=−
RT
Fz
C
CCDj 1
1
1
111       (1.6) 
where D1, C1, and z1 are the diffusion coefficient, concentration, and charge, respectively, 
for protons. Also, in Eq. 1.6, F is Faraday’s constant, R is the gas constant, T is the 
temperature, and ψ is the electrostatic potential. With the aid of the Nernst-Einstein 
relation, proton conductivity (z1 = +1) can be related to its diffusion coefficient:16 
RT
FCD 211
1 =σ          (1.7) 
For methanol, the steady-state flux can be described by Fick’s law as 
222 CDj ∇=−         (1.8) 
where D2 and C2 are the diffusion coefficient and concentration, respectively, for 
methanol. When the concentration of methanol on the upstream side of the membrane, 
C2o, is constant and there is a zero-sink boundary condition for concentration on the 
downstream side, then Eq. 1.8 can be represented as  
L
CKD
j 02222 =−         (1.9) 
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where K2 is the partition coefficient (the ratio of methanol concentration inside the 
membrane to that in the adjacent solution) and the product D2K2 is the methanol 
permeability, P2. Selectivity for protons to methanol can be defined as the ratio of proton 
conductivity to methanol permeability:  
RTKD
FCD
P 22
2
11
2
1
2/1 == σα        (1.10) 
Note that conductivity and permeability are both proportional to their respective diffusion 
coefficients and are the two separate quantities that are experimentally measured in the 
PEM development studies that will be reviewed in the subsequent sections. For enhanced 
DMFC performance, high proton conductivity and selectivity is desired (i.e., a high value 
for α in Eq. 1.10). Aside from temperature effects, the driving factors that affect 
selectivity are the diffusion coefficient of protons, D1, the concentration of protons in the 
membrane or concentration of fixed ion sites in the membrane, C1, the diffusion 
coefficient of methanol, D2, and the partition coefficient of methanol in the membrane, 
K2. Increasing membrane selectivity is a difficult problem since several of these factors 
are interdependent and also a function of several other parameters. For instance, D2 is a 
function of both water and methanol concentration in the membrane, but also a function 
of molecular size and polymer free volume, and K2 is a function of C1 and also a function 
of water/methanol uptake and the solute-polymer interaction parameter. Also, D1 is a 
function of C1, and also hydration (water uptake) and membrane structure. 
 
The equations above are a simplified view of the problem; the transport of protons, water, 
and methanol in PEMs is multifaceted and is affected by phenomena on two different 
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length scales: molecular (Ångstrom) and nanometer (ionic polymer phase-segregated 
morphology). Furthermore, during DMFC operation, the diffusion of proton, water, and 
methanol will occur simultaneously in the PEM and all diffusants will be under the 
influence of an applied voltage. On a molecular length scale, researchers have suggested 
several molecular transport mechanisms for protons, water, and methanol in PEMs 
(illustrated in Figure 1.8).17-20  
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Figure 1.8. Multicomponent molecular transport mechanisms in PEMs for the DMFC. 
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For proton transport, two different mechanisms have been suggested: proton “hopping” 
(Grotthus), where protons hop from one hydrolyzed ionic site (SO3-H3O+) to another 
across the membrane, and electroosmotic drag, where protons bound to water (H+(H2O)x) 
drag one or more water molecules across the membrane. Water also has two suggested 
transport mechanisms: electroosmotic drag and concentration gradient driven diffusion 
(this probably occurs as self-associated clusters: (H2O)y). The diffusion of methanol in 
water can diffuse in a variety of forms: a self-associated cluster, (CH3OH)a, a complex 
hydrogen-bound to water, (CH3OH)m(H2O)n, and also a complex bound to protons, 
H+(CH3OH)b, where the latter is similar to the water electroosmotic drag mechanism.  
 
Although previous investigators have not commented on or experimentally measured 
these diffusing species, recent results by Hallinan and Elabd using time-resolved FTIR-
ATR spectroscopy have identified all of these diffusing species.21 The flux equations 
listed above (Eqs. 1.6 and 1.8) do not account for multicomponent diffusion (the effect of 
the concentration gradient of one component on the flux of another), the interactions 
between the diffusants and between the diffusant and the polymer, and the electrostatic 
potential gradient for both water and methanol. Therefore, flux equations for protons, 
water, and methanol should incorporate both the Nernst-Planck (electrostatic potential 
gradient) and Stefan-Maxwell (multicomponent diffusion) framework. 
 
Although a detailed picture of all the molecular transport mechanisms has not yet been 
unraveled, a number of studies have reported key trends observed in most sulfonic acid 
containing PEMs.17-20, 22-23 Standard experiments show that proton conductivity increases 
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with increasing water content, ion content, and temperature. Increasing ion content leads 
to an increase in the hydrophilic and ionic nature of the polymer, which results in higher 
conductivities and higher water levels in PEMs.17 However, if the water content reaches 
values that are too high, the membrane will experience lower mechanical strength and 
poor water management. Also, when the temperature reaches higher values (>80 oC), the 
membrane will dehydrate, which leads to a reduction in proton conductivity and poor 
water management.24 Higher water values also lead to higher swelling in polymers, which 
usually results in higher methanol crossover.17 Therefore, most investigations observe 
that proton and methanol transport usually increase or decrease simultaneously in 
sulfonic acid containing PEMs with changes in polymer properties. Figure 1.9 shows the 
proton conductivity and methanol permeability for several different sulfonic acid 
containing PEMs (Nafion®, SPS, and S-SIBS).17 All of the membranes have a similar 
selectivity regardless of ion content, water content, or polymer chemistry, architecture or 
morphology. This suggests that protons and methanol have similar molecular transport 
mechanisms in sulfonic acid containing PEMs, which makes it difficult to improve 
selectivity for the DMFC application. The transport mechanisms through PEMs will be 
discussed with respect to the structure and morphology of the membrane in section 1.6. 
 
 
21 
 
 
10-5
10-4
10-3
10-2
10-1
10-9 10-8 10-7 10-6 10-5
Pr
ot
on
 C
on
du
ct
iv
ity
 (S
/c
m
)
Methanol Permeability (cm2/s)
 
Figure 1.9. Proton conductivity (two-electrode technique) vs. methanol permeability 
for Nafion® 117 (), S-SIBS ({), and S-PS () membranes. The solid 
line represents a linear regression of the data, where the slope is the 
selectivity (proton conductivity/methanol permeability = 1.32 x 104 S 
s/cm3). Data from Elabd et al.17  
 
1.6. Morphology and structure of PEMs 
On a nanometer scale, transport in PEMs is dependent on ionic phase-segregated 
structure, unlike the transport in homogeneous non-ionic polymers.25-26 There are a 
number of publications that have examined the structure of PEMs, particularly Nafion®, 
using a variety of techniques (most often x-ray scattering).27-32 A number of models for 
the structure of Nafion® have been suggested and the details of these have recently been 
reviewed by Mauritz and Moore.33 Although there are diverse opinions regarding the 
detailed morphology, there is a consensus that microphase segregation occurs in many 
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PEMs. Aggregates of ions form due to the electrostatic interactions between ion pairs, 
leading to the formation of two phases: ion-rich domains and ion-poor domains (shown in 
Figure 1.10). The ion-rich domains (aggregates of ions) are referred to as ion clusters, 
while ion-poor domains are mostly the hydrophobic part or backbone of polymer.25 In 
particular, x-ray analysis of Nafion® by Gierke and coworkers27 suggests that ion clusters 
approximately ~5 nm in size are interconnected by small narrow ionic channels ~1 nm in 
diameter. A number of other morphological models for Nafion® have also been 
suggested.33 
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Figure 1.10. Illustration of the suggested evolution of ionic nanostructure in PEMs. 
Adapted from Weber and Newman.14 
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Figure 1.10 shows a suggested evolution of morphology that occurs in PEMs. In its dry 
state, isolated ionic aggregates in Nafion® exist as spherical domains within a 
hydrophobic matrix. As water begins to swell the membrane, the ionic aggregates grow 
in diameter and become interconnected until a percolated network is formed.32 This is 
known as an insulator-to-conductor transition or percolation threshold, whereby the 
transport of molecules and ions are facilitated through this interconnected ionic network. 
It is evident based on several investigations that the diffusion of ions (protons) and water 
are affected by the ionic nanostructure and follow a percolation model.23,26,34-37 
 
In percolation theory, conductivity or diffusivity follows a power-law dependent model: 
( )γφφσ
σ
cD
D −∝∝
00
        (1.11)  
where γ is the critical exponent and φ and φc are the volume fraction and critical volume 
fraction of the diffusion phase, respectively. The critical volume fraction is the critical 
concentration where the percolation threshold occurs (i.e., where isolated regions become 
interconnected and diffusion begins to occur). σ and D are the observed conductivity and 
diffusivity, respectively, and σo and Do are the inherent conductivity and diffusivity, 
respectively, in the diffusing phase. Kirkpatrick38 calculated values of 1.6-1.7 for γ using 
a three-dimensional lattice model simulation with a random distribution of the minority 
phase. A more recent simulation gives a value of 2.0 for γ.39 Values for γ give an 
indication of the non-ideality or randomness of the PEM structure; as this approaches 
lower values than the ones reported here for a random-order simulation, then the system 
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becomes more ideal or ordered. Table 1.1 reports percolation values determined from a 
number of investigations on various PEMs. 
 
Table 1.1. Percolation Values in PEMs. 
 
 
In addition to these findings, several recent investigations have clearly demonstrated the 
effects of ordered and oriented ionic nanostructures on transport properties. Ding et al.41 
demonstrated increased proton conductivity in poly(styrene) grafted with PSSA side 
chains compared to SPS, a random copolymer. They concluded that the increase in 
proton conductivity was attributed to a more ordered ionic nanostructure. Cable et al.42 
stretched Nafion® to induce orientation of ionic nanostructure and demonstrated a 40% 
difference in conductivity when comparing in and through plane measurements. Maki-
Ontto et al.43 also demonstrated anisotropic conductivity (an order of magnitude 
difference) in conductive polymers that were sheared to induce an oriented lamellar 
nanostructure. Elabd et al.44 demonstrated anisotropic conductivity in a proton conducting 
block copolymer (S-SIBS) with oriented lamellar nanostructures. The effect of ordering 
in S-SIBS was also demonstrated in a lower critical exponent compared to Nafion®, 
shown in Table 1.1. These studies reveal the significant impact that ordered and oriented 
ionic nanostructures can have on transport properties in PEMs. This relationship between 
PEM γ φc Reference 
sulfonated poly(styrene-b-isobutylene-b-styrene) 0.76 0.077 23 
poly(methyl methacrylate-co-methacrylic acid) 1.35 0.26 34 
poly(styrene-co-methacrylic acid) 1.7 0.165 35 
sulfonated poly(phenylene oxide) 1.5 0.16 36 
sulfonated poly[bis(3-methylphenoxy) 1.26 0.175-0.25 37 
Nafion® 1.5 ± 0.02 0.10 40 
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transport properties and ionic nanostructure in PEMs raises a critical issue as it relates to 
experimental transport techniques and will be discussed in section 1.7. 
 
1.7. Experimental Techniques 
1.7.1. Proton Conductivity Experiments 
The experiments described throughout this chapter and the subsequent chapters primarily 
focus on transport properties (proton conductivity and methanol permeability) and DMFC 
performance tests. Proton conductivity is measured with electrochemical (or AC) 
impedance spectroscopy (EIS). EIS applies an alternating current over a broad frequency 
range, where the resistance of the membrane can be determined from the real impedance 
data (or the x-intercept of the regression of the imaginary versus real impedance data over 
a high frequency range). Typically, a four-electrode technique (in the plane of the 
membrane) is preferred over the two-electrode (through the plane of the membrane), 
because of the significant frequency dependence on impedance at low frequencies due to 
interfacial impedance.45 However, the through plane technique measures the membrane 
impedance in the same direction as methanol transport, which is the direction that is 
relevant for the DMFC, as depicted in Figure 1.11.  
 
26 
 
 
Methanol 
Permeability
PEM
Proton
Conductivity
Methanol 
Permeability
Proton 
Conductivity
PEM
Voltage
Measuring
Electrodes
1cm
PEM
Current
Carrying
Electrodes
4-Electrode:
In Plane
Solid 
Blocking
Electrodes
PEM
2-Electrode:
Through Plane
 
Figure 1.11. Schematic of proton conductivity experiment configurations. 
 
Generally, impedance measurements with the through plane technique are conducted at 
the upper limit of the frequency range, where there is only a minor dependency on 
frequency.45 The proton conductivity for Nafion® 117 (diamond symbols in Figure 1.10) 
shows a 2.5-fold difference in conductivity between the two techniques: 67 mS/cm and 
27 mS/cm for the in plane and through plane techniques, respectively.23,44 These values 
are similar to other values reported in literature for Nafion® 117 using these two 
techniques at similar temperatures: 67 mS/cm,46 61 mS/cm,47 for the in plane technique; 
and 24 mS/cm,46 22 mS/cm,48 for the through plane technique. Some researchers suggest 
that the differences are primarily due to the differences in the two techniques; while 
others suggest that there may be a slight ionic microdomain orientation during the 
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commercial extrusion process of Nafion® membranes causing this effect. Regardless, the 
values reported here give a magnitude of conductivity required to obtain a voltage 
response for a DMFC. 
 
However, the differences between these techniques should be considered more 
thoroughly when investigating other PEMs. For example, a study by Elabd and 
coworkers44 demonstrates an order of magnitude reduction in proton conductivity, when 
comparing the through plane technique to the in plane technique, for sulfonated block 
copolymer membranes (S-SIBS) with a lamellar morphology with a preferred orientation 
in the plane of the membrane (shown in Figure 1.12).  
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Figure 1.12. Proton conductivity measured in the plane and normal to the plane of the 
membrane versus IEC for Nafion® 117 (¡, , respectively) and S-SIBS 
membranes (z, {, respectively). Data from Elabd et al.23 
 
For this study, if the in plane technique is used, the membranes exhibit selectivities ~5-10 
times higher than Nafion® 117 with slightly lower proton conductivities. With the 
through plane technique, selectivities are similar to Nafion® 117 with conductivities an 
order of magnitude lower. Other investigations have demonstrated similar relationships 
between conductivity and structure in self-assembled oriented polymer systems.43,49  
 
These studies highlight the importance of cautiously interpreting conductivity results in 
this field. For example, one study on palladium coated-Nafion® membranes appears 
promising at first glance.50 Proton conductivities of 11 mS/cm are reported using the in 
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plane technique. However, three other studies50-52 on similar palladium coated-Nafion® 
membranes report proton conductivities ranging from 3 to 20 mS/cm using the through 
plane technique. Similar to data in Figure 1.12, the difference between these two 
techniques is over an order of magnitude. Assuming methanol permeabilities are similar, 
selectivity values for the in plane study will appear 10 to 100 times higher in the former 
study compared to the latter studies. Another study on montmorillonite dispersed within 
Nafion® (filler are narrow flat sheets oriented in the plane of the membrane), reveals an 
order of magnitude decrease in methanol permeability, but only a slight decrease in 
proton conductivity with increased filler loading.53 These conductivity measurements 
were conducted with the in plane technique, therefore these trends may be misleading. 
These examples stress the importance of critically examining transport data as it relates to 
polymer structure.  
 
1.7.2. Methanol Permeability Experiments 
For methanol permeability experiments, most researchers use a side-by-side diffusion 
cell, where the PEM is sandwiched between donor (upstream side) and receptor 
(downstream side) compartments as shown in Figure 1.13.  
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Figure 1.13. Schematic of the methanol permeability setup. 
 
The donor compartment is charged with methanol (~1-2 M) and the concentration of 
methanol is measured on the downstream side as a function of time. The permeability can 
be determined from the slope of the early time data,23 where a variety of detection 
methods have been used, including gas chromatography,22,48,54-61 refractometry,53,62-70 and 
FTIR-ATR spectroscopy.23,44,71 The latter technique is an in-line flow-through technique 
that provides reliable early time data, where numerous data points can be collected. The 
former detection techniques usually require extracting only a few aliquots from the 
receptor side at selected time intervals. 
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One of the drawbacks of the diffusion cell is that a potential difference is not applied and 
therefore the permeability of methanol determined may be different than the crossover 
experienced in the DMFC. Several researchers have developed techniques to determine 
the methanol permeability in electrochemical cells using a variety of techniques, such as 
measuring CO2 formation at the anode72 or crossover current.11,50,73-75 The crossover 
current can be extracted from the DMFC potential, where the performance of a DMFC 
can be modeled as:12 
ohmicxovercatancellcell EV ηηηη −−−−=      (1.12)  
Vcell is the cell voltage, Ecell is the difference between the half-cell potentials of the anode 
and cathode at the reference current density io, ηan and ηcat are the anode and cathode 
overpotentials, respectively, ηxover is the methanol crossover overpotential, and ηohmic is 
the ohmic overpotential. The crossover overpotential is proportional to the flux of 
methanol through the membrane, which is governed by methanol concentration, pressure 
gradient, and electroosmosis:  
2jxover χη =          (1.13) 
where χ is a lumped term constant. From this relationship and the following expression, 
the methanol permeability can be determined experimentally:75-76 
( )0
0
61ln
6
x
xii dcross ξ
ξ
+=         (1.14) 
where id is the limiting methanol permeation current density measured voltammetrically,  
ξ is the electroosmotic drag coefficient of protons in the membrane, and xo is the molar 
fraction of methanol in the feed stream. The experiment entails exposing the anode side 
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of the MEA to a known concentration of methanol and the cathode side to a humidified 
nitrogen environment.13 A dynamic potential (~0.1-1 V at 1-2 mV/s) is applied to the 
cathode side and the limiting methanol permeation current density is obtained by 
measuring the limiting current of the methanol electro-oxidation process at the 
platinum/membrane interface.  
 
1.7.3. Direct Methanol Fuel Cell Experiments 
DMFC testing requires the fabrication of a membrane electrode assembly (MEA). An 
MEA consists of the anodic and cathodic catalysts adhered to the PEM. The fabrication 
of an MEA entails the deposition of a catalyst ink consisting of catalyst, polymer, and 
solvent unto each side of the PEM (Pt/Ru on the anode side and Pt on the cathode side). 
There are a variety of deposition techniques that have been explored, such as spraying, 
screen printing, blade coating, sedimentation, and electrospraying. However, the most 
common technique to deposit the catalyst layer unto the PEM is a hot press/decal transfer 
technique. This technique consists of painting the catalyst onto a hydrophobic support 
(e.g., PTFE-coated fiberglass) allowing the solvent to evaporate and then repeating this 
procedure until the desired catalyst amount (~1-5 mg/cm2) is loaded onto the support. A 
PEM is sandwiched between two catalyst loaded supports and heat pressed at a specified 
pressure, temperature, and time. The catalyst layer is then transferred onto each side of 
the PEM to fabricate the MEA.  
 
For DMFC testing, the MEA is then sandwiched between two carbon cloth diffusion 
layers (GDL) and assembled into a fuel cell test fixture. Gas diffusion layers are carbon 
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fiber mats which aid in the even dispersion of fuel to the anode and cathode electrodes. 
DMFC tests are then conducted by sweeping potential from the open circuit voltage to a 
lower voltage (~0.1-0.2 V) in small increments and time steps and recording the current. 
These tests can be conducted at a variety of operating conditions: anode and cathode feed 
flow rates and back pressures, cell temperatures, and methanol feed concentrations. 
However, as stated before, increasing the methanol feed concentration above 2 M has a 
significant effect on the cell voltage.13 Furthermore, a number of studies report poor 
adhesion between the catalyst layer and the PEM resulting in poor DMFC test 
results.54,73,76-79 Therefore, the majority of PEM development investigations for the 
DMFC application focus only on the key prescreening experiments (proton conductivity 
and methanol permeability) rather than conducting electrochemical measurements.  
 
1.7.4. Other Transport Measurements 
Aside from the techniques described above, other experimental techniques have been 
used to measure transport coefficients in PEMs. In particular, Zawodzinski and 
coworkers19-20 designed a diffusion cell using capillary pressure to measure 
electroosmotic drag and also used pulsed field gradient spin-echo 1H-nuclear magnetic 
resonance (NMR) to measure the diffusion coefficient of protons. Other researchers have 
used NMR and electrochemical cells74 to measure the diffusion coefficient of methanol in 
PEMs.80-82 Electrochemical cells have been used to calculate the diffusion coefficient of 
methanol in a membrane using the steady-state limiting current density in a DMFC.83 
This work concluded that methanol feed concentration and the methanol diffusion 
coefficient through a PEM are independent. Gravimetric sorption has provided data on 
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the total sorption and diffusion in a polymer, but this technique is unable to distinguish 
between the mixture components.84 These techniques along with others have provided 
valuable information regarding transport mechanisms in PEMs. This data directed 
research in the development of more efficient PEMs for the direct methanol fuel cell. The 
development of alternative PEMs will be discussed in the following section. 
 
1.8. PEM Development 
It is clear from Figure 1.14 and Table 1.2 that there are a number of PEMs that possess 
lower methanol permeabilities at similar or even higher proton conductivities compared 
to Nafion®. Other companies, such as Dow Chemical, Aciplex, Pall RAI Inc., Asahi 
Chemical, and Solvay Solexis, have developed similar perfluorinated polymer 
membranes to Nafion®.85-86 However, most of these PEMs possess similar transport 
properties to Nafion®.85 Other PEMs developed for the DMFC constitute a variety of 
design approaches, such as the synthesis of new ionic (sulfonic acid) random and block 
copolymers,22,56,59-60,64,67,71,87-105 graft copolymerization of ionic polymers unto 
hydrophobic membranes,68,72-73,78,106 blending ionic and non-ionic polymers,18,61,69-
71,77,79,107-122 the synthesis of interpenetrating networks of ionic and non-ionic polymers,65-
66,12-134 incorporating a variety of fillers (e.g., silica, montmorillonite) into ionic polymer 
membranes,50,53-55,57-58,62,74,76,127,135-160 and coating ionic polymer membranes with thin 
barrier coatings.51-52,63,76,115,141,161-168 The subsections below highlight findings from these 
investigations.  
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Figure 1.14. Proton conductivity versus methanol permeability for a number of 
different PEMs (z, {) and Nafion® 117 (¡, ). Solid and open symbols 
refer to proton conductivity measured in the plane (four-electrode 
technique) and normal to the plane of the membrane (two-electrode 
technique), respectively. Each data point corresponds to a different PEM 
(different study). Data and references are listed in Table 1.2. 
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Table 1.2. PEMs developed for the DMFC. 
 
PEM 
Proton 
Conductivity  
(mS/cm) 
Methanol 
Permeability 
(cm2/s) 
(x 106) 
Reference
sulfonated poly(styrene) 50b 0.520 22 
Nafion® 117 67b 1.980 23 
sulfonated poly(styrene-b-isobutylene-b-
styrene) block copolymer 
19b 0.150 23 
Nafion® 117 26a 1.980 44 
sulfonated poly(styrene-b-isobutylene-b-
styrene) block copolymer 
4a 0.090 44 
palladium deposited on Nafion® 3a 0.430 50 
sputter coated palladium on Nafion® 16a 2.23 51 
Nafion®/montmorillonite nanocomposite 78b 0.100 53 
Nafion®/montmorillonite nanocomposite 87b 0.770 54 
sulfonated poly[(aryloxy)phosphazene] 35b 0.148 56 
Nafion®/H-substituted montmorillonite 
composite 
87b 0.800 57 
sulfonated poly(phthalazinone ether sulfone 
ketone)/silica hybrid 
34b 0.415 58 
sulfonated polyimide 120b 0.570 59 
sulfonated poly(ether ether ketone) 70b 0.300 60 
crosslinked poly(vinyl alcohol) using 
sulfosuccinic acid 
15b 0.330 61 
phosphotungstic acid/poly(vinyl alcohol) 
composite 
6a 0.454 62 
nano-silica layered Nafion® composite 77b 0.920 63 
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Table 1.2 continued 
 
sulfonated poly(ether ether 
ketone)/zirconium oxide composite 
 
5a 
 
0.091 
 
64 
 
IPN of crosslinked poly(2-acrylamido-2-
methyl-1-propanesulfonic acid) and Nafion® 
19a 1.120 65 
IPN of Nafion® and polypyrrole 17a 0.600 66 
sulfonated polystyrene and sulfonated 
poly(2,6-dimethyl-1,4-phenylene oxide) 
blend 
34b 2.350 67 
poly(styrene sulfonic acid) grafted onto 
poly(vinylidene fluoride) 
102a 1.500 68 
poly(vinyl alcohol)/poly(styrene sulfonic 
acid) blend 
4a 1.00 69 
poly(vinyl alcohol)/poly(styrene sulfonic 
acid-co-maleic acid) blend 95
b 0.266 70 
Nafion®/poly(vinyl alcohol) blend 20a 0.650 71 
blends of sulfonated 
poly[bis(phenoxy)phosphazene] and 
polybenzimidazole 
60a 1.300 77 
nitrile-functional, disulfonated poly(arylene 
ether sulfone) 
90b 0.870 87 
sulfonated poly(ether ether ketone ketone) 40b 0.575 88 
sulfonated poly(styrene-b-ethylene-r-
butadiene-b-styrene) block copolymer 23
a 0.820 89 
sulfonated co-polyimide 82b 0.480 90 
sulfonated poly(ethersulfone)-Cardo 4a 0.210 91 
sulfonated naphthalene dianhydride based 
polyimide copolymer 
120b 0.800 92 
sulfonated poly(arylene ether) copolymer  100b 0.810 93 
sulfonated poly(styrene-b-ethylene-r-
butadiene-b-styrene) block copolymer 45
a 2.600 94 
IonClad® R-1010 80b 0.590 106 
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a through plane (two-electrode technique) 
b in plane (four-electrode technique) 
 
1.8.1. Random Copolymers 
A number of sulfonic acid containing random copolymers have been synthesized for the 
DMFC.22,56,59-60,64,67,87-88,90,93,95,97-99,105 Sulfonated poly(styrene) (SPS), a random 
copolymer of poly(styrene) and poly(styrene sulfonic acid) (PSSA), was one of the first 
to be investigated for its use in the DMFC.22,67 Interestingly, crosslinked PSSA 
membranes were also one of the first PEMs used in fuel cells for the Gemini space 
program.169 Additionally, sulfonated crosslinked polystyrene has been used in ion 
Table 1.2 continued 
 
poly(vinylidene fluoride-
hexafluoropropylene) copolymer/Nafion® 
blend 
2a 0.200 107 
 
chemically crosslinked poly(vinyl 
alcohol)/poly(2-acrylamido-2-methyl-1-
propanesulfonic 
acid)/poly(vinylpyrrolidone) blend 
90b 0.600 108 
crosslinked poly(vinyl alcohol)/poly(acrylic 
acid)/silica hybrid 
12b 0.210 136 
Nafion®/ORMOSILS composite 19a 1.750 137 
sulfonated 
poly(styrene)/poly(tetrafluoroethylene) 
composite 
110b 0.670 138 
4-dodecylbenzene sulfonic acid-doped 
polyethylene glycol/silica hybrid 
4a 0.020 139 
4-dodecylbenzene sulfonic acid-doped 
poly(ethylene glycol)/silica hybrid 
4a 0.022 140 
polypropylene-g-poly(styrene sulfonic 
acid)/Nafion® laminate 
75b 2.800 161 
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exchange columns and as water purification membranes.170 SPS can be synthesized either 
by copolymerizing styrene and styrene sulfonic acid monomers or by post-sulfonation171  
of poly(styrene) with a variety of sulfonating agents (e.g., acetyl sulfate, sulfur trioxide). 
Post-sulfonation results in an electrophilic substitution of sulfonic acid to the aromatic 
group along the backbone of poly(styrene) and is a commonly used procedure to 
sulfonate polymers containing aromatic groups. This results in random copolymers, 
where the ion exchange capacity or sulfonic acid content can be controlled by reaction 
conditions. Results from Carretta et al.22 show a simultaneous increase of both proton 
conductivity and methanol permeability with increasing sulfonic acid content in SPS 
membranes. A sharp increase in both aforementioned transport properties was observed 
at 14 mol% sulfonation, denoting the percolation threshold. Selectivities were higher than 
Nafion®, however, the authors question the chemical stability and durability of SPS 
membranes as it pertains to fuel cell applications. 
 
Sulfonated poly(ether ether ketone) (SPEEK) and sulfonated poly(ether ether ketone 
ketone) (SPEEKK) have been synthesized through either polymerization60,88 or post-
sulfonation64,99 techniques producing random copolymers with sulfonic acid substituted 
directly to the aromatic backbone. These copolymers possess a number of beneficial 
attributes for the DMFC: good thermal stability, mechanical strength, and adequate 
conductivity.60,64,88,99 Random copolymers synthesized by polymerization reveal that 
proton conductivity and methanol crossover both increase with increasing ion exchange 
capacity of the membrane. However, selectivities ~7 times higher than Nafion® were 
observed at the highest ion exchange capacity synthesized. Post-sulfonated copolymers 
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were less selective than these membranes, but an improved DMFC performance was 
demonstrated in post-sulfonated copolymers compared to the copolymers synthesized by 
polymerization.  
 
Poly(imide)s have received considerable interest because they are both thermally and 
oxidatively stable.90,92,97-98 Specifically, six-member ring poly(imide)s are favored 
compared to five-member ring poly(imide)s due to lower ring strain and better hydrolytic 
stability.92,98 McGrath and coworkers92,98 polymerized disulfonated polyimide random 
copolymers, which allowed for a disulfonation (two sulfonic acid groups per monomeric 
unit) as high as 86 mol%. A proton conductivity and methanol permeability of 12 mS/cm 
and 8.00 x 10-7 cm2/s, respectively, were reported, where both increased with increasing 
ion exchange capacity. Ultimately, these membranes were found to be unstable under fuel 
cell conditions. Other researchers report sulfonated poly(imide)s consisting of 1,4,5,8-
naphthalenetetracarboxylic dianhydride (NTDA) and a sulfonated aromatic diamine, 
which comes from one of two groups. One group includes polymers in which the sulfonic 
acid groups are directly bound to the polymer backbone, such as 4,4’-bis(4-amino-
phenoxy)biphenyl-3,3’-disulfonic acid (BAPBDS), and the other group consists of 
polymers where sulfonic acid groups are attached to the side chains, such as  2,2’-bis(3-
sulfo-propoxy)benzidine (2,2’-BSPB). These polymers had five times higher selectivity 
compared to Nafion®.90 Sulfonated polyimide, produced by synthesizing sulfonated 
diamine monomers, 3-(2’,4’-diaminophenoxy)propane sulfonic acid followed by 
polymerizing  the monomer with 1,4,5,8-naphthalenetetracarboxylic dianhydride had 
methanol permeabilities two times lower than Nafion® with similar proton 
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conductivities.93 Another study synthesized a polyimide containing trifluoromethyl 
groups. A 70% decrease in methanol crossover compared to Nafion® was observed.97  
 
Another polymer of interest is poly(phosphazene), because of its thermal and chemical 
stability and the ease at which side chains can be attached to the –P=N– backbone.95 
These polymers can also be easily sulfonated to control ion exchange capacity and 
therefore proton conductivity. Allcock and coworkers56 sulfonated and crosslinked (using 
gamma radiation) poly[(aryloxy)phosphazene] and obtained proton conductivities 
approximately half of Nafion®, but selectivities ~7 times higher. Another study 
sulfonated and crosslinked (with UV light) poly[bis(3-methylphenoxy)phosphazene] and 
demonstrated conductivities and crossover rates that were comparable to Nafion® in a 
temperature range of 21-72 oC. These membranes exhibit good thermomechanical 
strength up to 173 oC.95 Pintauro and coworkers77 sulfonated 
poly[bis(phenoxy)phosphazene] (SPOP) and subsequently blended with 
polybenzimidazole (PBI) to induce the formation of crosslinks.  Data from this study 
shows that increasing PBI content results in decreased conductivity. This was attributed 
to increased crosslinking, which resulted in reduced water sorption and the 
immobilization of protons by interaction with the basic sites of PBI, limiting charge 
transport. Overall, selectivities of SPOP-PBI membranes were approximately twice that 
of Nafion® with methanol permeabilities 3 to 20 times lower than Nafion®. Slightly lower 
DMFC voltages compared to Nafion® were reported. Stability tests showed a cell voltage 
loss of ~0.8 mV/h, which was attributed to growing contact resistance between the 
SPOP-PBI membrane and the Nafion® binder in the catalyst layer.  
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A membrane of sulfonated poly(ether sulfone) [a polymer with six-membered aromatic 
rings linked with sulfide bonds] and 9,9-bis(4-aminophenyl fluorene) (CARDO) 
exhibited high mechanical, thermal, and chemical stability.91 These membranes have 
proton conductivities and methanol permeabilities approximately one order of magnitude 
lower than Nafion® at room temperature. Another study on sulfonated poly (ether 
sulfone) demontrated 10 times lower methanol permeabilities than Nafion®.168  
 
Sulfonated poly(arylene ether sulfone) and sulfonated poly(arylene ether benzonitrile) 
random copolymers have been synthesized by McGrath and coworkers.87,93 Both 
copolymers have similar aromatic backbones, which are attractive due to their thermal, 
mechanical, and oxidative stabilities. Synthesizing these copolymers consisted of a direct 
copolymerization method of disulfonated and unsulfonated monomers where 30-35 
mol% of the repeat units were typically disulfonated. Transport properties of the 
sulfonated poly(arylene ether sulfone) membranes yielded selectivities ~3 times higher 
than Nafion®, while the selectivities of the poly(arylene ether benzonitrile) membranes 
were ~4 times higher than Nafion®. Polarization curves from DMFC tests for the 
poly(arylene ether benzonitrile) membranes showed higher cell voltages at corresponding 
current densities compared to Nafion®.  
 
1.8.2. Graft Copolymers 
Several investigators have grafted SPS or PSSA on a variety of hydrophobic polymers, 
such as poly(ethylene-tetrafluoroethylene) (ETFE), poly(vinylidene fluoride) (PVDF), 
and low-density poly(ethylene) (LDPE).68,72-73,78,106 In these studies, graft 
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copolymerization usually consisted of exposing the hydrophobic polymer membrane to a 
radiation source, which promotes the formation of radicals and functional groups on the 
membrane. This was followed by an in situ graft copolymerization of styrene or styrene 
sulfonic acid monomers. In the case of grafting styrene, copolymerization is followed by 
post-sulfonation of the membrane.    
 
Hatanaka and coworkers73 investigated the relationship between the degree of grafting 
and proton conductivity for membranes consisting of PSSA grafted on ETFE. At low 
degrees of grafting (< 30 wt%), conductivity was significantly lower than Nafion®. At 30 
wt% grafting, the conductivity showed an abrupt increase to values approximately double 
that of Nafion®, and the conductivity continued to increase linearly up to 50 wt% 
grafting. Methanol and water uptakes increased linearly with the degree of grafting, and 
the selectivity for water to methanol was higher compared to Nafion®. Methanol 
permeability experiments showed a 30% decrease compared to Nafion®, however, the 
fuel cell performance of these graft copolymer membranes was lower than Nafion®. The 
investigators attribute this to poor bonding between the catalyst layer and the membrane. 
 
In a study by Scott and coworkers78, methanol permeability 15 times less than Nafion® 
was observed for graft copolymer membranes of SPS and PVDF. Generally, these 
membranes exhibited higher fuel cell voltages at higher current densities. However, the 
stability of the MEA, specifically, adhesion of the catalyst layer to the membrane was an 
issue (delamination was observed when removing the MEA from the fuel cell). Further 
work by Scott and coworkers68 on PSSA grafted on ETFE, PVDF, and LDPE 
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demonstrated approximately three times higher selectivities compared to Nafion® with 
lower methanol crossover and higher proton conductivity than Nafion®. DMFC 
performance tests showed decreased performance with grafted ETFE and PVDF over 
time, but grafted LDPE membranes improved with time. Grafted ETFE membranes 
developed by Saarinen and coworkers72 exhibited good long term DMFC performance at 
lower efficiencies than Nafion® 115 (with 90% lower methanol crossover compared to 
Nafion®). Their study highlights the economic advantage of using graft copolymer 
membranes, where they cite ~20 times cost reduction per area of membrane compared to 
Nafion®. 
 
Tricoli et al.106 investigated commercial graft copolymer membranes, IonClad® R-1010, a 
membrane composed of PSSA side chains grafted to a perfluorinated polymeric 
backbone, and IonClad® R-4010, a membrane composed of PSSA grafted to a 
tetrafluoroethylene/perfluoropropylene copolymer. Proton conductivities were similar to 
Nafion®, while methanol permeabilities were almost four times lower.  
 
1.8.3. Block Copolymers 
A number of sulfonic acid containing block copolymers (i.e., ionic block copolymers) 
have been synthesized for the DMFC.17,23,71,89,94,96,100-104,108 Ionic block copolymers are 
attractive because they chemically conjoin both ionic and nonionic monomers on the 
same polymer backbone in an ordered sequence. Block copolymers provide a unique 
template, where microphase separation occurs on a nanometer scale due to the 
thermodynamic incompatibility between unlike blocks forming a variety of self-
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assembled morphologies including spheres arranged on a cubic lattice, hexagonally 
packed cylinders, interpenetrating gyroids, and alternating lamellae.172 This provides the 
potential for unique ordered morphologies, where transport properties can be tailored.103 
 
Initial studies on sulfonated block copolymers focused only on the sulfonation and the 
structural and thermal characterization of styrene-based block copolymers at low ion 
exchange capacities (IECs).172-178 These reports did not address transport properties. 
Recently, a number of investigators have examined the transport properties of sulfonated 
block copolymers at higher IECs (~1-2 meq/g), and have shown comparable 
conductivities to Nafion® (0.9 meq/g).179-182  
 
Various research groups have examined sulfonated poly(styrene-b-ethylene-r-butylene-b-
styrene) (S-SEBS).89,94,100-101 The styrene block of SEBS was sulfonated with a standard 
post-sulfonation process in all of these studies. Similar to studies with SPS, both proton 
conductivity and methanol permeability increased simultaneously with increasing 
sulfonation levels.89,94 Proton conductivities and selectivities similar to Nafion® were 
reported.94 Another study investigated the effect of casting solvent choice on morphology 
and transport properties in S-SEBS membranes.89,101 Both proton conductivity and 
methanol permeability increased by an order of magnitude when the casting solvent was 
changed from tetrahydrofuran (THF) to a THF/methanol mixture. Small-angle X-ray 
scattering (SAXS) results revealed a morphological transition from a preferentially 
ordered lamellar structure to a non-periodic structure coinciding with the increased 
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transport rates.101 However, these morphological transitions did not significantly change 
the selectivity of the membrane.  
 
A similar block copolymer, sulfonated poly(styrene-b-isobutylene-b-styrene) (S-SIBS), 
has been investigated.17,23,101 Similar to S-SEBS, both proton conductivity and methanol 
permeability increased as IEC increased. Elabd and coworkers17,23 synthesized 
membranes with IECs up to 2 meq/g and observed proton conductivities three times 
higher than Nafion®. However, the selectivities were similar to Nafion® at all IECs. 
SAXS revealed a morphological transition from a preferentially lamellar morphology 
oriented in the plane of the membrane (anisotropic) at IECs ranging from 0.5-1 meq/g to 
a non-periodic co-continuous morphology (isotropic) at IECs ranging from 1.1-2 meq/g. 
This structural transition coincided with a discontinuity in the transport property trend. 
Additionally, proton conductivity increased by three orders of magnitude in S-SIBS 
membranes with a change in casting solvent from toluene to a toluene/ethanol mixture. 
SAXS revealed structural changes as a function of different casting solvents.  
  
Other block copolymers such as sulfonated poly(styrene-b-ethylene) (S-SE),102 and 
sulfonated hydrogenated poly(styrene-b-butadiene) rubber (HSBR)103 have been 
investigated as alternative PEMs. S-SE has proton conductivities as high as 11 mS/cm (in 
plane conductivity) and a bi-continuous structure was observed with small-angle neutron 
scattering (SANS). For sulfonated HSBR, the SBR was hydrogenated to eliminate the 
double bonds in the butadiene block and then the styrene blocks were sulfonated. After 
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sulfonation, the membranes exhibited lower proton conductivities and methanol 
permeabilities compared to Nafion®.  
 
Poly(arylene ether sulfone-b-polybutadiene) block copolymers were synthesized by a 
polycondensation reaction of poly(arylene ether sulfone) and poly(butadiene) and then 
post-sulfonated.96 Relatively high conductivities were achieved at low IECs: 30.2 
mS/cmat 0.0624 meq/g (through plane conductivity). This result suggests that sulfonic 
acid groups on the flexible segments of the block copolymer can arrange into a more 
favorable morphology for transport.  
 
1.8.4. Impregnated Membranes 
A number of researchers have impregnated polymers within membranes using several 
strategies, including in situ polymerization and sorption within both swollen dense 
membranes and porous membranes. Smit et al.123 demonstrated in situ polymerization of 
poly(pyrrole) within a Nafion® membrane. This procedure entailed immersing Nafion® in 
an acid electrolyte containing the monomer and then polymerizing within the membrane 
galvanostatically in an electrochemical cell. Results show a decrease in methanol 
permeability compared to Nafion® (no conductivity data was reported here). Another 
study incorporates poly(pyrrole) within a Nafion® membrane with in situ polymerization, 
where peroxide was used as the free-radical initiator.124 A decrease in methanol and water 
sorption compared to Nafion® was reported (permeability and conductivity data were not 
reported here). Park and coworkers66 impregnated Nafion® membranes with poly(pyrrole) 
using in situ polymerization and observed ~5 times increase in selectivity compared to 
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Nafion®. A sulfonic acid containing polymer, poly(2-acrylamido-2-methyl-1-
propanesulfonic acid-co-1,6-hexanediol propylate diacrylate-co-ethyl methacrylate), (i.e., 
crosslinked PAMPS), was polymerized within a Nafion® membrane and then 
subsequently crosslinked.129 A reduction in methanol permeability compared to Nafion® 
was observed, while a high proton conductivity was maintained. Bae et al.125 also used a 
similar method to impregnate poly(1-vinylimidazole) (PVI) within a Nafion® membrane. 
Results showed a 25% increase in both methanol permeability and proton conductivity 
when compared to Nafion®. Poly(furfuryl alcohol) was impregnated within Nafion® 
membranes and revealed improved DMFC performance (at 7 wt% poly(furfuryl alcohol) 
in Nafion®) with a maximum power density ~180% higher than Nafion® and higher cell 
voltages at all current densities.126  
 
Hobson and coworkers127 used a variety of methods to incorporate acid-doped PBI into a 
Nafion® membrane, such as spin coating, dipping, and screen printing. Spin coated 
membranes reduced methanol permeability by 58% compared to Nafion®. Dipped 
membranes produced varied results over a range of PBI contents, but the best data 
reported a 50% reduction in methanol permeability compared to Nafion®. Both of these 
methods, however, resulted in low proton conductivities. Screen printed membranes had 
similar proton conductivity to Nafion® with a 50% reduction in methanol permeation. 
These membranes also had improved DMFC performance compared to Nafion®. The 
working current density range was increased by 42% and the maximum power density 
was increased by 46%.  
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Another study polymerized and crosslinked styrene monomers within a PVDF matrix 
followed by sulfonation of the impregnated polystyrene.128 The authors refer to this 
membrane as a “semi” IPN and suggest that these membranes do not follow the same 
transport mechanisms as Nafion® and grafted PSSA systems; this is prescribed to 
differences in water flux properties and distribution of sulfonic acid moieties. These 
membranes resulted in lower methanol permeabilities (95% less) and higher DMFC 
power densities compared to Nafion® 117. 
 
Interpenetrating network (IPN) membranes of crosslinked P(AMPS-co-HEMA) and PVA 
were developed by Walker.129 Free-radical copolymerization and crosslinking of AMPS 
and HEMA were performed in a PVA matrix. PVA was crosslinked in a subsequent step 
with glutaraldehyde. Since the two crosslinking reactions were independent of one 
another, Walker suggests that conductivity and crossover could be altered independently. 
This infers that the crosslinking of AMPS and HEMA can be tailored to achieve high 
proton conductivities and the crosslinking reaction of PVA can be optimized to induce 
the lowest methanol permeability.  This concept was initially confirmed with water and 
methanol sorption experiments. These IPNs were thermally stable up to 150 oC, and 
further investigations are being conducted into the use of these membranes in DMFCs 
over 100 oC.  
 
Yamaguchi and coworkers130 have clearly shown the benefits of polymer-filled 
microporous membranes in comparison to crosslinked polymers in both experiment and 
theory. Their results demonstrate that polymer-filled microporous membranes can 
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effectively suppress the same amount of swelling compared to a highly crosslinked 
polymer, while increasing selectivity. Recently, their work131-132 was applied to the 
DMFC application, where polymer-filled microporous membranes demonstrated an 
increase in proton conductivity without a significant increase in methanol crossover. 
Polymer swelling was controlled with a microporous host membrane, where different 
host membranes were more effective than others. More recently, Yamaguchi and 
coworkers133 filled a microporous crosslinked high density poly(ethylene) substrate with 
poly(acrylamide tert-butyl sulfonate). In their study, DMFC performance was relatively 
constant over a wide range of methanol feed concentrations. Their work shows that 
confining a polymer electrolyte within a porous support suppresses polymer swelling 
(methanol uptake) without compromising proton conductivity significantly. In addition, 
Nafion® 117 has been impregnated with crosslinked sulfonated polystyrene. This 
membrane was shown to have higher power density than Nafion®.134 
 
1.8.5. Composite Membranes 
Polymer membranes containing micrometer to nanometer size fillers (composite 
membranes) have been explored intensely for the DMFC.50,53-55,57-58,62,74,76,127,135-160,183A 
variety of fillers, including silica,58,135-126,145,155,159,183 zirconium phosphate,149  
phosphotungstic acid,74 molybdophosphoric acid,152 Aerosil (silicon dioxide powder),152 
ORMOSIL (organically modified silicate monomers),137,160 silane-based fillers,137 
titanium oxide,148 hydroxyapatite,144 laponite,157 montmorillonite,53-54,149 zeolites,154 and 
palladium,156 have been incorporated in a number of different polymer membranes 
including Nafion®.  
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Silica has been frequently used as a filler, and these composite membranes demonstrate 
improved thermal74 and mechanical stability,139 and maintain adequate water uptakes at 
elevated temperatures.139 Silica has been incorporated within PVA/phosphotungstic acid 
(PWA),74 polyethylene glycol (PEG) membranes doped with 4-dodecylbenzene sulfonic 
acid (DBSA) (via sol-gel process),139-140 crosslinked PVA/poly(acrylic acid) (PAA) 
blends,135 Nafion®/PWA (via sol-gel process),136 sulfonated poly(phthalazinone ether 
sulfone ketone) (SPPESK)58, macroporous silica matrix,145 and S-SEBS.155 In all studies, 
introducing silica leads to decreased methanol permeability compared to the parent 
polymer. Several problems were encountered, such as decreased water transport 
(resulting in lower proton conductivities), membranes becoming too brittle when the 
inorganic phase loading reached a critical level, and decreased fuel cell performance. 
These silica composite membranes generally shared similar trends and ranges with 
respect to proton conductivity (~0.01-0.03 S/cm) and methanol permeability (~1-5 x 10-7 
cm2/s).58,74,135-136,139-140,145,155 The membranes containing PEG and DBSA exhibited 
permeabilities an order of magnitude lower than Nafion®, while its conductivity was only 
half the value (selectivity  was approximately double compared to other silica composite 
membranes).  
 
A number of investigators have also explored heteropolyacids as fillers in polymer 
membranes.142,146-147,151,153 Heteropolyacids are strong acids composed of 
heteropolyanions and protons as the counterions and are good proton conductors in their 
crystalline form.151,179 A heteropolyanion is a self-assembled structure that consists of one 
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or more heteroatoms (e.g., phosphorus) surrounded by several additional metal-oxygen 
polyhedrons (metals include zirconium, tungsten, molybdenum). Composite membranes 
with heteropolyacids include zirconium oxide in SPEEK,142,147,151 boron phosphate within 
a perfluorosulfonic acid ionomer, organosilyl derivatives  of divacant tungstosilicates in 
SPEEK,146 and zirconium phosphate sulfophenylenphosphonate in sulfonated 
polyetherketone (SPEK).153 Several researchers suggest that this strategy will reduce 
methanol crossover due to increased tortuosity (impermeable fillers), while increasing 
proton conductivity (heteropolyacid enhances proton mobility). Conductivity tests on 
these membranes were often measured at high temperatures (70-110 oC). Conductivities 
up to 35 mS/cm (through plane conductivity) were observed at 110 oC.146 An important 
issue regarding these composites is the potential for the heteropolyacids to leach out of 
the membrane in methanol/water solutions, which can result in lower conductivities. To 
maintain reasonably high conductivities, a technique must be developed to trap the acids 
inside the membranes.  
 
Incorporating layered silicate nanoparticles (e.g., montmorillonite, Laponite, and 
modified montmorillonite) into polymers, such as Nafion® and SPEEK is another 
strategy researchers have explored to make nanocomposite membranes for the DMFC.53-
54,150,157 Montmorillonite and its derivatives were chosen as fillers because they enhance 
the mechanical properties of the membrane,53,157 improve barrier properties,54 prevent 
excessive swelling,157 and can conduct ions.150 Interestingly, three different research 
groups prepared nanocomposite membranes of montmorillonite in Nafion® using 
different techniques. Song et al.53 mixed (with ultrasonication) montmorillonite with 
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Nafion® and solvent cast the mixture into membranes. Jung et al.150 used pulverization, 
mixing, and heat pressing to produce Nafion®-montmorillonite nanocomposite 
membranes. Thomassin et al.54 melt-mixed the two components and extruded the 
membranes. The most promising results were obtained from the solvent cast membranes 
in which proton conductivity was ~20% higher than Nafion® and methanol permeability 
was ~20 times less than Nafion®.53 In this study, X-ray diffraction reveals that the 
montmorillonite filler was uniformly dispersed and exfoliated. Also, glass transition 
temperatures shifted to higher temperatures in the composites, suggesting a stronger 
interaction between the filler and polymer. The heat pressed membranes exhibited 
surprisingly low conductivities compared to results obtained by Song and coworkers.53 
Permeability experiments were inconclusive as their methods were incomparable to other 
standard experimental techniques. Significant differences between composites of Nafion® 
and montmorillonite versus Nafion® and modified montmorillonite were not observed. 
The extruded samples containing montmorillonite were found to have increased methanol 
permeability when loading increased.54 The authors suggest that the lack of interactions 
between the filler and the polymer created a crude dispersion observed by transmission 
electron microscopy (TEM) causing this transport trend. When Cloisite 30B was 
dispersed in Nafion®, methanol permeability decreased ~33% with only a 0.5 wt% filler 
content. When DMFC tests were performed on the Cloisite 30B nanocomposites, 
performance dropped ~50% compared to Nafion®.54 Data from the SPEEK 
nanocomposites showed decreased proton conductivities (~300%), methanol 
permeabilities (~75%), and fuel cell performance (~25%) compared to Nafion®.157  
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Other researchers developed composite membranes of PVDF filled with nanoparticles, 
such as silica, zirconia and aqueous mixtures of acids.158 These membranes exhibited 
lower methanol crossover compared to Nafion®, but due to the use of aqueous acids, 
corrosion-resistant materials for the fuel cell would be required in the fuel cell assembly. 
Palladium nanoscale agglomerates were impregnated into Nafion® membranes to 
decrease methanol diffusion by increasing toruosity.50 These membranes were an order of 
magnitude lower in methanol permeability compared to Nafion®, but conductivity also 
decreased significantly.  
 
1.8.6. Coated membranes 
Coating PEMs with thin barrier layers is a technique that a number of investigators have 
pursued through a variety of deposition techniques.51-52,63,76,141,161-168 One study coated a 
Nafion® membrane with charged palladium particles via self-assembly, where a layer-by-
layer technique was employed to achieve 1-5 double layers of palladium.52 A methanol 
crossover two orders of magnitude lower than uncoated Nafion® was observed at three 
self-assembling double layers, while the conductivity continually decreased as more 
double layers were formed on the surface. In addition to this study, other researchers have 
deposited thin palladium layers on Nafion® membranes.51,163,166 Ma et al.166 sputter 
coated palladium unto Nafion® membranes, however, a crack-free barrier layer could not 
be produced with this procedure. Yoon et al.114 developed homogeneous films (crack-
free) with palladium particles < 30 nm via sputter coating, where methanol permeability 
decreased by an order of magnitude with only a slight decrease in proton conductivity. 
Other researchers used an electroless plating technique, in which Nafion® was submerged 
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in a palladium sulfate solution, followed by submersion in a hydrazine solution to coat 
Nafion® membranes with palladium. Only a slight decrease in methanol crossover was 
observed.163  
  
Other studies have utilized radiation techniques to coat PEMs.63,114,163,167 A nano-silica 
coated Nafion® membrane has been fabricated with plasma enhanced chemical vapor 
deposition.63 Methanol permeability decreased 67%, while proton conductivity only 
decreased 21% compared to Nafion®. However, DMFC tests reveal a lower performance 
compared to Nafion®. Another study used hexane/hydrogen plasma irradiation to deposit 
a thin barrier layer on the surface of a Nafion® membrane.114 This resulted in a lower 
methanol crossover with only ~0.3 μm barrier layer. Low-dose electron beam (e-beam) 
exposure has also been used to modify the surface of Nafion® membrane resulting in a 
thin barrier layer (~1.5 μm).162 Infrared spectroscopy reveals that e-beam exposure 
mainly affects the hydrophilic side chains and not the fluorine rich backbone. DMFC 
tests confirm higher power densities after e-beam exposure. 
 
Shao and coworkers162 developed a multilayer composite with a Nafion® membrane 
coated on both sides with PVA using an immersion technique.  These membranes were 
exposed to post treatments, sulfonation followed by crosslinking with glutaraldehyde. 
Three immersions resulted in a 61% increase in selectivity. For MEA preparation, a 
PVA-coated Nafion® 112 membrane (1:1 wt ratio) was sandwiched between two Nafion® 
112 membranes. The Nafion® 112 layers were placed on the outside of the multilayer 
composite in an effort to enhance catalyst adhesion to the membrane and increase 
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conductivity. A 5-10% increase in cell voltage at all current densities was observed for 
the multilayer composite of Nafion® and PVA. Other polymers, such as poly(1-methyl 
pyrrole), have also been coated on Nafion® membranes.168 Methanol permeability 
showed a ~1000 times decrease compared to uncoated Nafion® but proton conductivity 
showed a similar decrease. Ren et al.141 dipped a SPEEK membrane in a Nafion® solution 
to coat both sides of the membrane. This resulted in a four-fold decrease in methanol 
permeability, but conductivity decreased to half the value of Nafion®.141 In addition, 
several other studies have used lamination techniques to coat Nafion®.161,164-165 A 37% 
reduction in methanol crossover was exhibited in multilayer membranes consisting of 44 
μm thickness SPEEK membrane sandwiched between two Nafion® membranes.165 
Laminated membranes consisting of poly(propylene)-g-PSSA and Nafion® showed a 
consistent decrease in methanol permeability with increased crosslinking density. Also, 
DMFC tests showed a 22% increase in voltage compared to Nafion®.161  
 
1.8.7. Blends  
Research on polymer blends, includes polyvinyl (alcohol) (PVA) and Nafion®,71 PVA 
and poly(styrene sulfonic acid) (PSSA),69 PVA and poly(styrene sulfonic acid-co-maleic 
acid) (PSSA-MA),74,109 PVA crosslinked with sulfosuccinic acid,61 PVA and poly(2-
acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS),70,110 PAMPS and poly(2-
hydroxyethyl methacrylate) (PHEMA),111 sulfonated poly(sulfone) and acid-doped 
PBI,112 sulfonated poly(ether ketone) and PBI,79 and sulfonated poly(sulfone)/poly(ether 
sulfone) and sulfonated poly(ether ether ketone)/poly(ether sulfone).113 It is interesting to 
note that PVA is present in a number of these studies. Pivovar et al.18 first suggested the 
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use of PVA for DMFCs along with other polymers, such as polyacrylonitrile (PAN), 
PVDF, and PBI. These polymers have previously been investigated as it applies to 
pervaporation (liquid/vapor separation of binary mixtures) of ethanol/water mixtures 
(ethanol dehydration). The chemical selectivity of water over ethanol suggests that these 
polymers may increase proton/methanol selectivity. Their study focused on comparing 
acid conductivities to methanol permeability. Since these polymer membranes alone are 
not proton conductors, it is difficult to project clear conclusions from their data. 
However, this article has motivated a number of studies that blend PVA with proton 
conducting polymers with the goal of increasing conductivity/crossover selectivity. 
 
Blends of PVA with a number of sulfonic acid containing polymers have been studied. 
PVA/PSSA blend membranes were investigated at various PSSA contents and annealing 
temperatures.69 At 17 wt% PSSA and an annealing temperature of 110 oC, methanol 
crossover was half of Nafion®, but proton conductivity was an order of magnitude lower. 
Wu et al.69 suggests that annealing the blends induces crosslinking between the hydroxyl 
groups in PVA and the sulfonic acid groups in PSSA, which is supported by reduced 
swelling and infrared spectroscopy data. Similarly, polymer blends of PVA and PSSA-
MA were investigated, where introducing maleic acid reduced membrane swelling 
compared to pure PSSA.74,109 In addition, the hydroxyl groups in PVA were crosslinked 
in this study with glutaraldehyde to further reduce swelling. Blending PVA with PSSA-
MA (3:1 mole ratio) in a 1:1 weight ratio yielded proton conductivities as high as 95 
mS/cm and methanol permeabilities an order of magnitude lower than Nafion®.70 In 
comparison to PVA/PSSA membranes, PVA/PSSA-MA membranes exhibited a 46% 
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increase in proton conductivity and almost a five-fold decrease in methanol permeability. 
SAXS results suggest that crosslinked PVA/PSSA-MA membranes possess narrower 
ionic channels compared to Nafion®, which the authors attribute to the decrease in 
methanol permeability.  
 
PVA crosslinked with sulfosuccinic acid revealed similar transport property trends when 
compared to PVA/PSSA blends. A maximum in selectivity was observed at 17 wt% 
sulfosuccinic acid and an annealing temperature of 130 oC (15 mS/cm; 3.3 x 10-7 
cm2/s).61 Although this is technically not a polymer blend, this polymer is similar in 
concept to crosslinked blends that have both a sulfonic acid containing polymer and 
PVA. 
  
Qiao and coworkers108 investigated PVA/PAMPS blends, where PVA was crosslinked 
with glutaraldehyde and poly(vinylpyrrolidone) (PVP) was added as a stabilizer. They 
report a proton conductivity of 88 mS/cm (in plane conductivity) and a methanol 
permeability of 6.0 x 10-7 cm2/s. In another study by the same investigators,110 different 
aldehydes (n-butylaldehyde/terephthalaldehyde, n-hexylaldehyde/terephthalaldehyde, and 
n-octylaldehyde/terphthalaldehyde) were used to crosslink  the PVA/PAMPS blends 
without PVP. By using different auxiliary aldehydes, the crosslinking spacer length can 
be controlled, where an increased crosslinker spacer length (while maintaining constant 
terephthalaldehyde concentration) resulted in an increase in water sorption. Although 
methanol permeability was not measured in this study, a proton conductivity of 120 
mS/cm (in plane conductivity) was reported. 
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Walker investigated polymer blends containing PAMPS and PHEMA.111 Nafion® (5 
wt%) was added to this blend to increase flexibility in the dry state. At small PAMPS 
content (4 wt%), conductivities similar to Nafion® were reported, but the membranes 
were still too brittle in the dry state. Methanol crossover experiments were not measured 
in this study. Polymer blends of sulfonated poly(sulfone) and acid-doped PBI were 
investigated.112 These membranes did not show any significant improvements for use in a 
DMFC, but proton conductivities were comparable to Nafion® at 80 oC. Kerres et al.79 
developed blends consisting of different poly(ethersulfone)s and poly(etherketone)s, 
which exhibited lower methanol crossover in DMFC tests, but problems with adhesion 
between the membrane and electrodes were reported. Additionally, blends of sulfonated 
poly(sulfone)/poly(ether sulfone) and sulfonated poly(ether ether ketone)/poly(ether 
sulfone) were developed.113 Methanol permeability coefficients approximately two orders 
of magnitude lower than Nafion® were reported, but clear conclusions could not be drawn 
as proton conductivity was not measured.  
 
A number of investigators have explored PBI in PEMs for the DMFC.114-122 PBI is 
interesting because it possesses both donor and acceptor hydrogen bonding sites, high 
thermal stabilities, chemical resistance, and mechanical strength. It has been used in acid-
base blend membranes with PEEK and polysulfone114 and it has been N-substituted with 
methyl and ethyl groups and doped with phosphoric acid.115 The former study shows a 10 
fold decrease in methanol permeability, but does not include conductivity experiments. In 
the latter study, methanol crossover was less than Nafion®, but proton conductivities were 
not comparable (3 orders of magnitude lower).  
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1.9. Observations on PEM Development 
In this chapter, the development of new PEMs for the DMFC has been reviewed. 
Currently, Nafion® is the standard PEM for the DMFC, however, its high methanol 
crossover leads to significant losses in fuel cell power density and efficiency. Numerous 
Nafion® replacements have been developed and several demonstrate higher selectivities 
at similar proton conductivities (listed in Table 1.2) and/or higher DMFC power densities 
compared to Nafion®.  Various PEM development strategies have been explored. These 
include incorporating proton conducting polymers into a variety of frameworks, such as 
random copolymers, graft copolymers, block copolymers, blends, impregnated 
membranes, composites, and coated membranes.  
 
There are strengths and weakness associated with each of these synthetic routes. Most of 
the random copolymers that were investigated (synthesized either by copolymerization or 
post-sulfonation) consisted of aromatic backbones, which provide thermal and 
mechanical stability. Furthermore, several of these investigations report increased 
selectivity at conductivities similar to Nafion® (see Table 1.3). However, many of these 
investigations report that increases in sulfonic acid content resulted in a simultaneous 
increase in both proton conductivity and methanol permeability. The block copolymers 
developed were usually post-sulfonated and produced sequentially ordered ionic and non-
ionic blocks that resulted in unique morphologies. Changes in morphology resulted in 
significant changes in proton conductivity, but this also resulted in similar changes in 
methanol permeability. Similar to most random copolymers, block copolymers possessed 
similar selectivities to Nafion® over a wide range of proton conductivities and methanol 
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permeabilities (see Figure 1.9). Synthesizing graft copolymers consisted of 
copolymerizing sulfonic acid containing polymers onto preexisting hydrophobic 
membranes. Several investigations report slightly higher selectivities compared to 
Nafion®, but also report difficulties associated with catalyst layer/PEM adhesion during 
DFMC testing. A number of investigators blended both proton conductive and 
water/methanol selective polymers. Several studies report increased selectivity compared 
to Nafion® at similar proton conductivities (e.g., PSSA-MA/PVA blend). However, the 
transport results among these studies vary considerably and these blends are dependent 
on a number of interdependent parameters, such as blend composition, miscibility, 
crosslinking, and morphology. Also, increased crosslinking and water/methanol selective 
polymer content usually result in a membrane that is brittle in its dry state, which is 
problematic for the DMFC application. Researchers have impregnated proton conductive 
polymers within solvent resistant polymer membranes and reported decreases in 
methanol crossover and improvements in DMFC performance. The membrane matrix can 
act to suppress swelling, but also leads to decreased proton conductivities depending on 
the conductive polymer content. A number of researchers have synthesized composite 
membranes by either loading PEMs with methanol impermeable fillers (e.g., clay flakes) 
or proton conductive fillers (e.g., heteropolyacids). Impermeable fillers can increase 
thermal and mechanical properties and reduce methanol permeability. However, 
increasing impermeable filler content usually results in a simultaneous reduction in 
proton conductivity and mechanical failure (at loadings > 10 wt%). The ‘bleeding out’ of 
heteropolyacid is also cited by many investigators as a problem with conductive 
filler/PEM composites. Coating thin barrier layers on PEMs has been demonstrated by 
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various researchers. Slight increases in DMFC performance have been demonstrated in a 
few studies, but usually an increase in barrier coating thickness resulted in a simultaneous 
decrease in both proton conductivity (through the plane) and methanol permeability. 
 
Among the literature reviewed, Table 1.3 lists the PEMs with the highest 
proton/methanol selectivities with similar proton conductivities to Nafion®. The 
montmorillonite/Nafion® composite membrane appears to have the highest selectivity, 
however, these conductivity measurements were conducted along the plane of the 
membrane, where the impermeable filler particles were narrow flat sheets oriented in the 
plane of the membrane. This suggests that had the conductivity been measured through 
the plane of the membrane, the selectivity would be much lower than the value reported 
here. The PSSA-MA/PVA blend has a selectivity over an order of magnitude higher than 
Nafion®. Most proton conductive polymers or PEMs contain sulfonic acid, which is a 
super acid that possesses high ionic conductivity due to strong attractive forces with 
cations (particularly hydrogen ions) and is hydrophilic, but also has a higher affinity for 
methanol than water. Therefore, incorporating another polymer with functional groups 
(e.g., hydroxyl groups) that have a higher affinity for water than methanol is intriguing. 
However, a number of other investigations that report transport properties on PVA blends 
do not report selectivities this high. Additionally, incorporating polymers within the 
blend that may not be oxidatively stable and are brittle in their dry state may not translate 
into improved DMFC performance. Despite these shortcomings, proton conductive 
polymer blends warrant further study to develop a more in depth understanding of the 
relationship between transport properties and blend parameters, such as blend 
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composition, miscibility, crosslinking, and morphology. The other PEMs listed in Table 
1.3 are all sulfonic acid containing random copolymers with selectivities ~5-7 times 
higher than Nafion®. These polymers contain aromatic backbones, which provide 
mechanical, thermal, and oxidative stability for DMFC operation. Further studies will be 
required to determine why several random copolymers are more selective compared to 
others. 
 
Table 1.3. Highly selective PEMs.  
 
PEM 
Proton 
Conductivity  
(mS/cm) 
Methanol 
Permeability 
(cm2/s)  
(x 106) 
α1/2/α*1/2 Reference 
Nafion® 117 67a 1.98 1 23 
montmorillonite dispersed in 
Nafion® 
78a 0.100 23 53 
sulfonated 
poly[(aryloxy)phosphazene] 
35a 0.148 7 56 
sulfonated poly(ether ether 
ketone) 
70a 0.300 7 60 
poly(vinyl alcohol)/poly(styrene 
sulfonic acid-co-maleic acid) 
blend 
95a 0.266 11 70 
sulfonated co-polyimide 82a 0.480 5 90 
 
a in plane (4-electrode technique) 
α1/2 – conductivity/permeability selectivity 
α*1/2 – conductivity/permeability selectivity of Nafion® 117 
 
 
 
In addition to the transport results listed in Table 1.3, several PEM development studies 
have reported significant increases in DMFC performance. Nafion® exposed to a low 
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dose electron beam yielded a 32% increase in its maximum power density compared to 
Nafion® 117.158 Acid-doped PBI coated Nafion® membranes had improved DMFC 
performance compared to Nafion® where the maximum power density was increased by 
46%. Surprisingly, a PEM of poly(furfuryl alcohol) (7 wt%) impregnated within Nafion® 
resulted in a 180% increase in maximum power density compared to Nafion® 115, where 
higher cell voltages were maintained at all current densities.126 
 
1.10. Outline 
A summary of the key investigations are listed below. Chapter 3 investigates the effects 
of membrane preparation and processing conditions on morphology and transport 
properties of a PEM. Specifically, the focus is on Nafion®, the most widely studied PEM 
for the DMFC. Although there have been extensive studies on the morphology of 
Nafion®, the role of membrane preparation has not been widely studied and correlated to 
DMFC performance. The fundamental importance of this study is that PEMs can be 
prepared using a wide variety of techniques, but a universal protocol has not been 
developed. This work will detail the effects of various processing conditions and provide 
a framework for preparing polymer electrolyte membranes, specifically Nafion® blends 
that optimize the transport properties of the membrane. 
 
The focus of Chapter 4 is the development of solution cast Nafion®/PVA blend 
membranes. PVA was chosen due to its selectivity for water over methanol. This 
characteristic was utilized as an avenue to decrease methanol permeability. Although 
PVA has been used in a number of other applications, the use of PVA blended with 
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Nafion® was a novel approach in the development of PEMs for the DMFC. Blends have 
not been investigated often in the literature as polymer electrolyte membranes. The 
solution cast blends were studied with respect to blend composition and annealing 
temperature and found to exhibit improved selectivity. The effect of phase morphology 
will provide a better understanding for developing preferred polymer structures to 
promote better selectivity in PEMs. 
 
Chapter 5 concurrently investigates the effect of other membrane preparation techniques 
and blend components. This chapter focuses on the development of melt-pressed Nafion® 
blend membranes using poly(vinylidene fluoride) (PVDF), polyacrylonitrile (PAN), and 
poly(vinyl alcohol) (PVA) as blending components. Although these polymers have been 
used previously in PEMs for the DMFC, this technique will provide a method to prepare 
Nafion® blends that cannot be prepared using solution casting. This technique has rarely 
been used in the development of membranes for the DMFC and its effect on transport 
properties will be studied. This work will also provide general comparisons between 
solution casting and heat pressing PEMs. The effects of the blend components will be 
evaluated for use as selective membranes in DMFC applications. 
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Chapter 2. Experimental Methods 
 
2.1. Proton Conductivity 
Through plane proton conductivity of each membrane was measured using alternating 
current (AC) electrochemical impedance spectroscopy (EIS). Measurements were taken 
between 0.10 kHz and 1 MHz using a Solartron AC Impedance system (1260 impedance 
analyzer, 1287 electrochemical interface, Zplot software). Proton conductivity was 
measured normal to the plane of the membrane with a two-electrode cell comprised of 
1.22 cm2 stainless steel blocking electrodes schematically shown in Figure 2.1. All 
membranes were prehydrated in RO water for at least 24 hours, and then quickly 
enclosed in a sealable cell to maintain hydration during impedance measurements. The 
real impedance was determined from the x-intercept of the regression of the imaginary 
versus real impedance data over a high frequency range (10 kHz – 1 MHz).184 
Conductivity values reported for each sample are an average of multiple (at least three) 
experiments. 
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Figure 2.1. Two-electrode cell used in electrochemical impedance spectroscopy 
experiment. 
 
2.2. Methanol Permeability  
The methanol permeability of each membrane was measured using a temperature-
controlled side-by-side glass diffusion cell (PermeGear, Inc.) with a real-time in-line 
Fourier transform infrared, attenuated total reflectance (FTIR-ATR) spectrometer for 
detection. Prior to each experiment, membranes were prehydrated for at least 24 hours 
and then were clamped between donor and receptor (each 3.4 ml) compartments with an 
exposed membrane cross-sectional area of 0.636 cm2. Rubber and silicon gaskets were 
used between the donor and receptor sides to ensure a tight seal. Once tightly secured, 
each experiment was conducted at 25oC with a 2.0 M methanol feed concentration. The 
FTIR spectrometer (Nicolet 6700 Series) was equipped with a temperature-controlled 
flow-through horizontal ATR cell (Specac, Inc.). A multi-bounce zinc selenide ATR 
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crystal (Specac, Inc.) with a refractive index of 2.4 was used. Infrared spectra were 
continuously recorded throughout each experiment at 32 second intervals using 32 scans 
and 4 cm-1 resolution for each collected spectrum. A schematic depicting the 
experimental set up is shown in Figure 2.2.  
 
Temperature-
controlled 
water bath
Diffusion Cell
Flowthrough Cell
Pump
 
Figure 2.2.  Methanol permeability experimental setup. 
 
Methanol permeability was determined by using an approximate solution of the 
continuity equation for diffusion in a plane at early times185: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
D
Lt
LV
APCtC
B
A
B 6
)(
2
        (2.1) 
For the boundary conditions: CA >> CB, where CA and CB are the concentration of 
methanol in the donor and receptor compartments, respectively. In equation 2.1, L is the 
thickness of the membrane (cm), VB is the volume in the receptor side, A is the cross-
sectional active area of membrane (0.636 cm2), and P is the permeability coefficient. The 
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methanol permeability is defined as the product DK, where D is the diffusion coefficient 
and K is the partition coefficient. The permeability coefficient can be determined from 
the slope of the methanol concentration in the receptor compartment versus time. 
Equation 2.1 can be rearranged into: 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
D
LtP
AC
LVtC
A
BB
6
)( 2         (2.2) 
where the methanol permeability coefficient is directly equal to the slope of [(CB(t) 
VBL)/(CAA)] versus time. The permeability values reported are an average of multiple (at 
least three) experiments.  
 
2.3. Sorption 
Sorption (uptake) experiments were performed in both water and methanol. Membranes 
weighing approximately 100 mg were first dried in a vacuum oven at 50 oC for 4-8 hours 
before the dry weight of the membrane was measured. After 24-hour immersion in RO 
water or methanol, membranes were removed from solution, carefully patted to remove 
residual surface solvent, and immediately weighed. The percent uptake was determined 
by: 
100% x
m
mm
uptake
dry
wetdry −=        (2.3) 
where mdry is the weight of the dry polymer and mwet is the weight of the wet polymer. A 
balance with 0.1 mg accuracy was used. A minimum of three experiments were 
conducted on each sample, and the values reported are the average of those experiments.  
 
70 
 
 
2.4. Fourier Transform Infrared (FTIR) Spectroscopy 
Infrared spectroscopy experiments were conducted using a Fourier Transform Infrared 
(FTIR) spectrometer (Nicolet 6700 Series) equipped with both a single-reflection 
diamond ATR attachment (Specac, Inc., MKII Golden Gate™) and a sample holder (13 
mm ID, Specac, Inc.) for transmission studies. The diamond ATR has a ~0.5 mm2 
sampling area, where a consistent reproducible pressure is applied to every sample. The 
sample holder consisted of a 13 mm diameter viewing circle into which a polymer 
membrane was situated to cover this area. Infrared spectra were collected at 4 cm-1 
resolution and 32 scans.  
 
2.5. Small Angle X-ray Scattering (SAXS) 
Small angle x-ray scattering experiments were performed at the University of 
Pennsylvania using a Bruker Nonius FR591 rotating-anode x-ray generator operated at 40 
kV x 85 mA with a sample to detector distance of 124 cm.186 Data was collected over 30 
min. intervals. The thicknesses of the solution cast membranes were between 100 to 500 
μm. The scattering data was analyzed using Datasqueeze software187 and calibrated with 
a silver behenate standard.188   
 
2.6. Differential Scanning Calorimetry (DSC) 
DSC measurements were carried out using a TA Q2000 DSC. 2-10 mg polymer film 
samples were loaded into Tzero™ aluminum pans and crimped and sealed with Tzero™ 
lids using a Tzero™ Sample Press. Each DSC run was analyzed using TA Universal 
Analysis software.  
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2.7. Dynamic Light Scattering (DLS) 
Dynamic light scattering experiments were performed to determine the aggregate sizes of 
dispersed polymers in solution. A polymer was diluted in the corresponding solvent to 
attain concentrations of 5 mg polymer/mL solvent. The dispersions were pipetted into 
glass vials and sealed with stoppers for testing. The light scattering measurements were 
performed using a Brookhaven 90Plus nanoparticle size analyzer. This system consists of 
a 15 mW, solid-state laser operating at a 678 nm wavelength, and a BI-9000AT digital 
autocorrelator. The incident beam was vertically polarized with respect to the scattering 
plane. All measurements were conducted at 25 oC.  
 
The measured autocorrelation functions were analyzed for the first and second cumulants 
of a cumulant fit, which provide measures of the apparent diffusivity and polydispersity, 
respectively. These calculations were performed with the Laplace inversion program, 
CONTIN, to determine size distributions, G(Γ). A distribution of Γ, such as G(Γ), can be 
related to a diffusion or effective hydrodynamic radius (Rh) using the Stokes-Einstein 
relationship: 
D
TkR Bh πη6=          (2.4) 
where kB is the Boltzmann constant, T is temperature, η is solvent viscosity, and D is the 
diffusivity from the first cumulant.189   
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2.8. Scanning Electron Microscopy (SEM) 
The microscope used for these experiments was an FEI XL30 ESEM. The instrument was 
used under high vacuum conditions. To view cross sections, the samples were placed in 
liquid nitrogen for 30 seconds, removed and quickly fractured perpendicular to the 
surface of the membrane to allow for a smooth viewing surface. After this, staples were 
adhered to an SEM viewing stub using carbon-coated tape. To the staples, the membrane 
was taped (carbon tape) in a manner to allow for imaging of the bulk cross section of the 
membrane. Surface viewing consisted of securing the membrane (surface side parallel to 
the viewing stub) directly to the carbon coated tape. After the sample stubs were 
mounted, membranes were carbon coated (Denton Desk II sputtering system, 40 mA, 30 
s). Samples were loaded onto an SEM mount and screwed in the sample holder within the 
SEM. Vacuum was applied to the instrument and imaging commenced at 10 kV once 1.4 
x 10-5 mm Hg pressure was attained in the SEM.  
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Chapter 3. Transport Properties of Recast Nafion®:  
Effect of Processing Conditions and Casting Solvent 
 
3.1. Introduction 
Nafion® can be purchased in a variety of forms including extrusion cast membranes, 
dispersions in an alcohol/water cosolvent, and pellets. Extrusion cast membranes can be 
purchased in a variety of equivalent weights and thicknesses.  Commercially extruded 
Nafion® has been widely studied in the literature with regards to transport properties, 
chemical structure, and morphology.25,27-33,40,190-206 However, there are only few reports 
on recast Nafion®.207-214 There are a wide array of techniques and treatments in which 
recast Nafion® membranes can be prepared. This study will focus on how differences in 
processing conditions and casting solvent choice can influence the transport properties 
and morphology of recast Nafion®. This research will provide clearer insights into the 
phenomena regarding solution cast Nafion® blends, which will be discussed in the 
subsequent chapter. 
  
Nafion® membranes can be recast by first casting a membrane from the water/alcohol 
cosolvent, and then placing the dense membrane in a number of other solvents including 
methanol/water, ethanol/water, water214, DMF215, and DMSO.216 Researchers have shown 
that proton conductivity increases by ~2 orders of magnitude when changing the casting 
solvent from DMF to water.214 Proton conductivity also increased three-fold in 
membranes cast from DMF compared to membranes cast from DMSO.216 Dispersions of 
Nafion® also show varying aggregate sizes in each selected solvent. Lin and coworkers214 
showed with DLS that hydrodynamic radii of particles dispersed in DMF are 2.5 orders 
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of magnitude smaller than particles dispersed in methanol/water. This data corresponded 
with SAXS data showing a higher degree of phase separation in the membranes cast from 
methanol/water than the membranes cast from DMF. These studies concluded that 
solvent choice can have a significant effect on membrane morphology and conformation.  
 
Nafion® can also be processed using a variety of procedures including annealing and 
acidifying. Annealing Nafion® has been shown to necessitate the inhibition of dissolution 
in organic solvents after membrane formation.217 Zawodzinski and other researchers 
presented data on water sorption and proton conductivity of Nafion® annealed at elevated 
temperatures.19 Their study concluded that water sorption and proton conductivity 
decreased when Nafion® was annealed at high temperatures and this was attributed to the 
dissociation of hydrophilic ionic clusters at elevated annealing temperatures. Annealing 
has also been reported to promote the inversion of the hydrophobic/hydrophilic micellar 
structure of Nafion®.217 Acid pretreatment of Nafion® 117 has been shown to increase 
proton conductivity also known as acidification.218 This process involves sequentially 
boiling the membrane in hydrogen peroxide, sulfuric acid, and water. Other polymer 
electrolyte membranes, such as sulfonated poly(ether ether ketone), have been boiled in 
water or acid as a way to acidify the membrane.219 It was determined that acidification 
irreversibly increased water sorption, but no morphological data was presented.  
 
 
In the literature, recast Nafion® has been studied with regards to casting techniques, 
transport properties, morphology, and thermal transitions.207-210,220-221 These studies have 
been limited in scope. Investigation of how membrane processing conditions and casting 
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solvent affect transport and morphology has not been explored. In other words, a detailed, 
more comprehensive approach on the effect of processing condition (acidification, 
annealing, and annealing followed by acidification) and casting solvent on recast Nafion® 
will be explored in this study, where the procedure in which a Nafion® membrane is 
prepared can significantly affect the morphology and subsequently the transport 
properties of the membrane.  
 
 
3.2.  Experimental 
 
3.2.1. Materials 
 
Nafion® (1100 EW, 5 wt% in a mixture of water and alcohols) was purchased from Ion-
Power, Inc. (Liquion®). Nafion® 117, (1100 EW, 178 μm (0.007 in) thick, commercially 
extruded film, DuPont) was purchased from Aldrich. The nomenclature of Nafion® 117 
implies that the polymer has an equivalent weight of 1100 and a thickness of 7 mils (180 
μm). Other chemicals used include dimethylformamide (DMF) (Aldrich, <99.8%), 
dimethylacetamide (DMAc) (Aldrich, reagent grade), dimethylsulfoxide (DMSO) 
(Aldrich, 99.9%), methanol (Aldrich, >99.8%), ethanol (Aldrich, 200 proof,), sulfuric 
acid (Aldrich, 99.999% purity, 95-98% H2SO4 content) and reverse osmosis (RO) water 
(resistivity ~18 MΩ cm).  
 
 
3.2.2. Membrane preparation  
 
Nafion® membranes were prepared by casting Nafion® dispersion in Teflon® Petri dishes 
in an oven under a low air flow at 50 oC for 18-24 hours. The resulting membranes were 
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then placed in a vacuum oven at 50 oC for 4 hours. The cast membranes were cut into 
fine pieces. Dispersions of 5 wt% Nafion® in various solvents were prepared by 
dissolving the dispersion cast Nafion® pieces in DMSO, DMAc, DMF, methanol, and 
ethanol. Recast membranes were cast from these solvents in air or nitrogen at ambient 
temperature for 24-72 hours, and then dried in a vacuum oven at 60 oC for 4-8 hours. The 
recast membranes were treated using three different procedures. One procedure was 
termed acidification in which a Nafion® membrane was placed in boiling 1M sulfuric 
acid under reflux for 24 hours. After removal from the acidic solution, the membrane was 
rinsed in boiling deionized water for 8-12 hours to remove residual acid. The washed 
membrane was dried at 40 oC in a convection oven. Another treatment termed annealed, 
involved placing the recast membrane in an oven at 210 oC for 10 minutes. The third 
condition involved annealing, following by acidifying. Table 3.1 summarizes the various 
conditions and solvents used in this study. 
 
 
 
 
 
 
 
 
 
 
77 
 
 
Table 3.1. Casting conditions and solvents used for recast Nafion® membranes. 
 
Conditions Solvents 
Air DMF 
Air cast, acidified DMAc 
Air cast, annealed DMSO 
Air cast, annealed, acidified Methanol 
Inert cast Ethanol 
Inert cast, acidified Water/alcohol cosolvent 
Inert cast, annealed  
Inert cast, annealed, acidified  
 
3.3 Processing Condition 
 
3.3.1. Transport Properties 
Figures 3.1.a and b show the effects of membrane process conditions on proton 
conductivity, water sorption, and methanol permeability in Nafion® membranes cast from 
DMF under air and nitrogen environments, respectively. In general, proton conductivity 
varies over two orders of magnitude among different processing conditions when cast in 
air. Nafion® cast in air shows a conductivity of 0.40 mS/cm, which was significantly 
lower than the through plane conductivity of Nafion® 117, 26.2 mS/cm.71 Acidifying the 
air-cast Nafion® membrane resulted in a 40-fold increase in conductivity (0.4 to 16.0 
mS/cm) and a two-fold increase in water sorption in the membrane. A slight decrease in 
conductivity and water sorption was observed for the annealed Nafion® membrane 
compared to the pre-annealed air-cast membrane. This was expected as it has been 
reported that annealing Nafion® results in an inverted orientation of the hydrophilic, ionic 
portions and leads to a partial, non-reversible dehydration of the membrane, which was 
confirmed by lower water sorption in the membrane.222 Compared to the annealed 
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Nafion® membrane, acidification after annealing shows approximately two orders of 
magnitude increase in proton conductivity and an over two-fold increase in water 
sorption. In comparison, the annealed, acidified membrane shows lower proton 
conductivity and water sorption than the acidified membrane. Methanol permeability data 
(Figure 3.1.b) show similar trends and magnitude differences with respect to membrane 
processing condition. Therefore, the selectivity of the membranes was unaffected by the 
processing conditions, where selectivity is defined as the ratio of proton conductivity to 
methanol permeability. 
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Figure 3.1.a. Proton conductivity ({) and water sorption () of Nafion® membranes 
recast in air from DMF. 
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Figure 3.1.b. Methanol permeability of Nafion® membranes recast in air from DMF. 
 
Similar transport trends were observed in the membranes recast in nitrogen shown in 
Figures 3.2.a and b, but the differences are lesser in magnitude. Proton conductivity and 
water sorption increase after acidification, decrease after annealing, and increase after the 
annealed membrane was acidified. It is important to recognize that water sorption follows 
a similar trend compared to proton conductivity, as water plays a vital role in proton 
transport through the membrane.40 Also, similar trends for conductivity and water 
sorption were observed as a function of process conditions irrespective of the choice of 
casting solvent as shown in Tables 3.2 and 3.3. It is interesting to note that the 
membranes with the highest conductivities (cosolvent – air, acidified, ethanol – inert, 
annealed, acidified, DMAc – inert, acidified) were all acidified. The acidification process 
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appears to be important in attaining a recast Nafion® membrane with high proton 
conductivity. 
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Figure 3.2.a. Proton conductivity ({) and water sorption () of Nafion® membranes 
recast in nitrogen from DMF. 
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Figure 3.2.b. Methanol permeability of Nafion® membranes recast in nitrogen from 
DMF. 
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Table 3.2. Proton conductivities (mS/cm) of recast Nafion® from various solvents 
and processing conditions. 
 
 DMF DMAc DMSO Methanol Ethanol Cosolvent 
Air 0.4 2.6 4.6 4.8 4.1 16.6 
Air, acidified 16.1 14.2 14.5 8.2 7.3 20.5 
Air, annealed 0.2 1.3 5.4 3.2 1.5 6.1 
Air, annealed, 
acidified 
9.8 6.7 8.6 9.0 17.9 13.0 
Inert 5.2 10.0 17.2 7.0 6.4 13.7 
Inert, acidified 18.9 24.2 9.0 10.9 17.8 15.5 
Inert, annealed 3.1 2.5 3.9 7.2 7.9 6.4 
Inert, annealed, 
acidified 
8.4 5.7 16.4 16.1 26.2 12.6 
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Table 3.3. Water sorption (wt%) of recast Nafion® from various solvents and 
processing conditions. 
 
 DMF DMAc DMSO Methanol Ethanol Cosolvent 
Air 9.9 13.4 27.9 47.6 50.0 25.8 
Air, acidified 57.3 46.7 72.0 40.9 81.2 54.2 
Air, annealed 9.0 11.1 46.9 25.7 27.7 26.7 
Air, annealed, 
acidified 
25.8 49.0 79.1 43.7 70.2 28.1 
Inert 28.1 32.9 31.7 30.2 28.1 24.2 
Inert, acidified 63.8 61.0 64.9 48.1 44.9 48.9 
Inert, annealed 16.3 31.2 24.0 21.0 36.9 27.5 
Inert, annealed, 
acidified 
45.5 42.3 60.1 33.5 30.0 24.0 
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3.3.2.  Infrared Analysis of Hydrated Nafion® 
Infrared analysis was performed on hydrated Nafion® to determine if there were changes 
in the chemistry of the membrane with regards to processing conditions. To correlate 
proton conductivity and water sorption data with chemical structure, hydrated FTIR-ATR 
experiments were performed on each membrane. It is important to compare hydrated 
Nafion® infrared spectra to proton conductivity data as the conductivity experiments were 
performed under hydrated conditions. The infrared spectra of hydrated Nafion® has been 
reported.194-197 Figure 3.3.a shows representative infrared spectra of wet and dry Nafion® 
cast from DMF under ambient conditions in air. The dry Nafion® spectra cast from any of 
the six solvents or prepared using any of eight processing conditions show similar 
infrared spectra (data not shown). In other words, neither casting solvent nor processing 
condition appear to affect the chemistry of Nafion®. Also, the dry and hydrated infrared 
spectra show no trace of residual casting solvent. The characteristic bands of Nafion® are 
shown at 1216 and 1144 cm-1 – CF2 asymmetric191 and symmetric stretching192, 
respectively and 1060 cm-1 – SO3- symmetric stretching.193 The most obvious difference 
between the dry and hydrated spectra was the appearance of the O-H stretching band over 
the range of wavenumbers of 3600-3100 cm-1 representing sorbed water. This figure 
shows that there are no chemical differences among the membranes as the appearance or 
disappearance of bands associated with Nafion® was not observed. However, Figure 3.3.b 
shows shifting in the location of the 1200 cm-1 band. This is important to study because 
spectral shifting can give insight into changes in the local chemical environment, which 
may suggest changes in morphology of the membrane. This band represents both CF2 
stretching in the Nafion® backbone and the hydrolyzed sulfonic acid located in side 
85 
 
 
chains of Nafion®. Due to its hydrophobicity, the fluorocarbon backbone does not interact 
with water and therefore no shifting in this band was expected when exposed to water. 
Due its hydrophilicity, the shifting of this band should represent a change in the local 
environment of the SO3- group due to the presence of water.  The shifting occurs over the 
range of 1216-1201 cm-1.  
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Figure 3.3.a. Infrared spectra (ATR) of dry and hydrated recast Nafion® cast in air from 
DMF. Data has been offset for visual clarity.  
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Figure 3.3.b. Infrared spectra (ATR) of hydrated Nafion® membrane recast from DMF 
from each condition described in Table 3.1 in the spectral region of 1240-
1180 cm-1. 
 
 
 
Table 3.4 shows the data for proton conductivity and the location of the band maximum 
for SO3- stretching in hydrated Nafion® membranes. In terms of band location, proton 
conductivity increases with a decrease in band location. This shifting represents the effect 
of changes in the local chemical environment associated with hydrolyzed sulfonic acid 
surrounded by water molecules. As more water is sorbed into the membrane, more 
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interactions occur between the sulfonic acid groups and water, therefore weakening the 
total sulfonic acid bond strength. The weakening of SO3- bond strength is known as a red 
shift and is represented by a shift to higher wavenumbers. This may result from more 
interactions between sulfonic acid and water at higher water contents. Also, higher water 
contents may be a result of more interconnected, ionically aggregated domains. This 
suggests that less ionic aggregates are isolated, which may be represented by a higher 
level of sulfonic acid-water interactions (higher band wavenumbers). As shown in 
Figures 3.1.a and b, proton conductivity is a strong function of water content in the 
membrane. The membranes exhibiting the highest proton conductivity also have the 
highest water sorption. The membranes with the highest conductivity were also shown to 
have been acidified, while the four membranes with the lowest conductivity were not 
acidified (Table 3.4). Therefore, acidification promotes higher conductivities and higher 
water contents, which correlates well with higher wavenumbers in the hydrolyzed 
sulfonic acid band maximum. These infrared results appear to confirm a significant 
change to the local chemical environment (or ionic morphology) when membranes are 
acidified (enhanced percolated ionic network).  
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Table 3.4. Proton conductivity and location of SO3- stretching band maximum of 
Nafion® membranes recast from DMF. 
 
Condition 
Location of 
Band Maximum 
(cm-1) 
Proton Conductivity  
(mS/cm) 
air, anneal 1201 0.16 
air 1203 0.39 
inert, anneal 1205 3.06 
inert 1206 5.25 
inert, annealed, acidified 1206 8.37 
air, annealed, acidified 1208 9.77 
air, acidified 1211 16.18 
inert, acidified 1216 18.92 
 
3.3.3.  SAXS  
Infrared spectroscopy provides an indirect measurement of morphology. Therefore, small 
angle x-ray scattering experiments were performed to investigate the morphological 
changes of recast Nafion® membranes directly. Figures 3.4.a and b show x-ray scattering 
data of Nafion® membranes recast from water/propanol under air and inert environments, 
respectively, at room temperature. The magnitudes of the peaks have not been normalized 
due to differing membrane thicknesses used in the SAXS experiments and have been 
offset for visual clarity. Two peak maxima were observed at ~0.05 and 0.12 Å-1. The 
peaks observed at these scattering vectors have been previously investigated and 
correlated to specific Nafion® morphological phenomena.31,200,220,223 It is well known that 
the scattering peak at 0.05 Å-1 can be assigned to interference between lamellar 
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crystalline structure, and the peak at 0.12 Å-1 represents the scattering due to ionic 
aggregation of sulfonic acid groups.27,200 The peak at 0.05 Å-1 was observed in the 
samples that have been annealed, while the peak at 0.12 Å-1 was observed in the samples 
that have not been annealed. These trends in SAXS data among processing condition 
were similar for all casting solvents studied. 
 
A schematic depicting the structure of semi-crystalline and ionically aggregated Nafion® 
is shown in Figure 3.5. The semi-crystalline schematic shows rod-like lamellae of the 
Nafion® backbone spanning 500 Å with amorphous, hydrophilic side chains dispersed 
among or between the crystalline domains. The crystalline domains may promote a more 
tortuous path through the membrane for proton conduction thereby decreasing proton 
transport across the membrane (annealed membrane). The schematic of ionic aggregation 
spherical clusters connected in a percolated network suggests less resistance for proton 
transport across the membrane (unannealed membrane).  
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Figure 3.4.a. Small angle x-ray scattering of Nafion® membranes recast in air from a 
water/alcohol cosolvent. Data has been offset for visual clarity. 
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Figure 3.4.b. Small angle x-ray scattering of Nafion® membranes recast in nitrogen 
from a water/alcohol cosolvent. Data has been offset for visual clarity. 
 
92 
 
 
Crystalline Ionic Aggregates
 
Figure 3.5. Schematic representation of Nafion® membranes exhibiting semi-
crystallinity and ionic aggregation. Images adapted from Mauritz and 
Moore.33  
 
By examining SAXS and transport data together as a function of processing condition, 
various observations can be made. SAXS data shows that crystallinity was present when 
membranes were annealed and this corresponds to decreased proton conductivity. While 
acidification of the membrane results in ionic scattering and corresponds to increased 
proton conductivity, water sorption, and methanol permeability. When assessing the 
effect of processing condition, morphology, and transport, these trends must be examined 
more closely.  
 
An example can be explained using Figure 3.1.a. In this figure, the annealed membrane 
results in a decrease in all transport properties compared to a membrane only cast in air, 
which can be related to a crystalline morphology. When comparing the acidified 
membrane to the air cast membrane, an increase in all transport properties was observed, 
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which cannot be directly related to a morphological difference as both membranes 
exclusively showed an ionomer peak. A similar comparison can be made in the annealed 
membrane and the annealed, acidified membrane. Again, this cannot be related solely to 
changes in the SAXS data as both membranes show a crystalline peak. In fact, the 
annealed, acidified membrane shows a higher conductivity than the membrane only cast 
in air, which is interesting as the annealed, acidified membrane shows a crystalline peak, 
while the air cast membrane shows an ionomer peak in the SAXS experiment. For these 
reasons, the effect of morphology and processing condition with respect to transport 
cannot be directly correlated from the SAXS data alone. Annealing does induce 
crystallinity, but after acidification, transport properties increase to values higher than a 
membrane without crystallinity. Hence, the acidification process is important in the 
preparation of a recast Nafion® membrane, where high proton conductivity and water 
uptakes were observed.  
 
Figure 3.6 shows the x-ray scattering of a Nafion® membrane cast from the water/alcohol 
cosolvent, which was annealed and then acidified (the standard protocol in this study), 
and a Nafion® membrane that had been acidified first and then annealed. These 
experiments were performed to determine the effect of the sequential order of treatments 
with respect to membrane morphology. Both membranes show a crystalline peak at ~0.05 
cm-1 suggesting that annealing irreversibly affects the membrane morphology. Similarly, 
proton conductivity and water sorption are unchanged based on the order of the 
treatments (Table 3.5). Since annealing induces dehydration, operating a fuel cell at high 
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temperatures will promote semi-crystalline domains, which may not be fully reverted 
back into a percolated, ionic network.  
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Figure 3.6. Small angle x-ray scattering of Nafion® membranes recast in air from 
DMF.  
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Table 3.5.  Proton conductivity and water sorption of Nafion® membranes recast 
in nitrogen.  
 
Treatment 
Proton Conductivity 
(mS/cm) 
Water Sorption  
(wt%) 
Annealed then 
acidified 
12.6 24.0 
Acidified then 
annealed 
9.4 26.6 
 
 
3.3.4.  Differential Scanning Calorimetry (DSC) 
DSC was performed on both annealed and unannealed Nafion® membranes (cast from the 
cosolvent), i.e., membranes with a SAXS scattering peak at 0.05 Å-1 and 0.12 Å-1, 
respectively, to confirm the existence of semi-crystalline domains in the annealed sample. 
Figure 3.7 shows DSC thermograms of Nafion® membranes over the temperature range 
40-260 oC. Though common in many polymers, a glass transition temperature (Tg) was 
not observed in the DSC scans of the Nafion® membranes. The exact location or 
existence of a glass transition temperature in the acid form (H+-form) of Nafion® has 
been debated by a number of research groups with the most recent data showing a Tg at -
20 oC based on dynamic mechanical analysis (DMA).224 Figure 3.7 shows a broad 
endothermic melting peak for the Nafion® at a melting temperature of 122 oC for the 
annealed membrane, which exhibited crystallinity in the SAXS experiments. The 
unannealed membrane showing ionic aggregation does not show this melting peak. This 
data confirms that crystallinity has been confirmed in the annealed membrane. Contrary 
to SAXS data, a melting peak was not observed in a membrane that had been annealed 
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and then acidified (not shown). This may explain the increase in conductivity of the 
annealed membrane after acidification. The acidification process must inhibit the 
formation of enough crystallites to undergo a melting transition.  
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Figure 3.7. Differential scanning calorimetry thermograms of Nafion® cast in air 
(ionic SAXS peak) and annealed (crystalline SAXS peak). 
 
Previous studies by Starkweather and de Almeida and Kawano225-226 introduce DSC data 
showing a melting temperature at ~220 oC for Nafion® with an equivalent weight of 
1100, which was the same equivalent weight of the polymer used in this study. The 
Starkweather225 study does not state which form (extruded, solution cast, dispersion) of 
Nafion® was analyzed leading to inconclusive comparisons. The de Almeida226 study 
investigated commercially extruded Nafion® 117 and concluded that the endothermic 
peak at 220-230 oC was the crystalline melting region. An endothermic transition was 
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observed in this region for the membranes in Figure 3.7, but due to the processing of the 
membranes, it is not believed that this transition is associated with melting of crystalline 
domains. In conjunction with the SAXS data, it appears that this region is the thermal 
transition of ionic clusters in recast Nafion® membranes. 
 
3.4.  Casting Solvent 
3.4.1.  Transport Properties 
Figures 3.8 shows the proton conductivity of Nafion® recast from various solvents (DMF, 
DMAC, DMSO, methanol, ethanol, and water/alcohol cosolvent) as a function of the 
dielectric constant of the casting solvent. Acidified membranes all show higher 
conductivities compared to unacidified membranes regardless of casting solvent. 
Although differences with conductivity among casting solvents were observed, no 
apparent trend with dielectric constant of the solvent was noticed. Also, no trend between 
conductivity and other casting solvent properties, such as boiling point and solubility was 
evident.  
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Figure 3.8. Proton conductivity of Nafion® membranes recast in air (open symbols – 
unacidified, filled symbols – acidified) as a function of the dielectric 
constant of casting solvent. 
 
Figure 3.9 shows proton conductivity and methanol permeability of recast Nafion® 
membranes cast from the solvents listed above and processed using the eight techniques 
described in Table 3.1 along with Nafion® 117. The data shows that an upper bound 
exists for the ratio of proton conductivity to methanol permeability based on casting 
solvent. Data in the upper left hand portion of the graph would coincide to a membrane 
with high proton conductivity and low methanol permeability, which would correlate to a 
more selective membrane compared to Nafion® 117. The data shows that an increase in 
conductivity is typically coupled with an increase in methanol permeability. This figure 
shows that a change in casting solvent and processing condition has a significant effect 
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on transport properties, but little effect on improving the selectivity of recast Nafion® 
membranes.  
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Figure 3.9.  Proton conductivity versus methanol permeability of recast Nafion® 
membranes ({) and unannealed Nafion® 117 (z). 
 
3.4.2. Infrared Analysis  
The effect of casting solvent on chemistry was investigated with infrared spectroscopy. 
Figure 3.10 shows the infrared spectra of hydrated, air cast Nafion® membranes recast 
from the solvents listed in Table 3.1. From the wet spectra, no chemical differences and 
chemical interactions between air cast Nafion® and any of the casting solvents were 
observed. Therefore, chemistry appears to have no effect on changes in proton 
conductivity.  
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Figure 3.10. Infrared spectra (ATR) of hydrated, recast Nafion® in air from selected 
solvents. Data has been offset for visual clarity. 
 
3.4.3. SAXS 
Figures 3.11.a and b show the small angle x-ray scattering and proton conductivity data 
of Nafion® membranes cast in air from various solvents. All of the unannealed 
membranes cast in air show an ionic aggregate peak at ~0.12 Å-1. Due to the offset 
scaling of the plot, some peaks are more pronounced than others. The conductivities of 
the membranes are in the range of 0.4-16.6 mS/cm. Notice that there is a 40-fold increase 
in proton conductivity from the membrane recast from DMF to the membrane recast from 
the cosolvent. Peak maxima were plotted versus proton conductivity, but no obvious 
relationship existed. 
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Figure 3.11.a. Small angle x-ray scattering of Nafion® membranes recast in air from 
selected solvents and corresponding proton conductivities in mS/cm. Data 
has been offset for visual clarity. 
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Figure 3.11.b. Small angle x-ray scattering of Nafion® membranes recast in air and then 
annealed from selected solvents and corresponding proton conductivities 
in mS/cm. Data has been offset for visual clarity. 
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Figure 3.11.b show SAXS data of Nafion® membranes recast in air and then annealed. 
All of the data show a peak maximum at ~0.05 Å-1 which represents semi-crystalline 
domains induced by the annealing process. The proton conductivities of these membranes 
are in the range of 0.2-6.0 mS/cm. Similar to the unannealed membranes, the lowest 
conductivities were shown in membranes recast from DMF and the highest conductivities 
were observed for membranes cast from the cosolvent. In general, all of the membranes 
in Figure 3.11.b show lower proton conductivity compared to corresponding membranes 
in Figure 3.11.a, which was due to annealing. The annealing process induces crystallinity 
and results in a rearrangement in morphology producing an environment that is less 
conducive to proton conduction in un-acidified Nafion® membranes. Similar to Figure 
3.11.a, there appears to be no noticeable differences in morphology when comparing 
membranes recast from different solvents.  
 
3.4.4. DLS 
SAXS experiments were performed under vacuum conditions on the dense polymer 
membranes. It is also interesting to study the polymer solution, particularly with Nafion® 
as it is actually a dispersion of aggregates in solution (i.e., not a true polymer solution). 
To determine if relationships exist between Nafion® aggregates in solution and the 
polymer membrane with respect to transport, dynamic light scattering was performed. 
 
The solution properties of Nafion® have been investigated by several 
investigators.214,221,227  Using electron spin resonance, membrane osmometry, and DLS, 
other researchers have shown that Nafion® in solution aggregates, where several 
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aggregate sizes have been observed. One aggregate size is referred to as primary 
aggregates, where Nafion® molecules aggregate through hydrophobic backbone 
interactions to form rod-like structures with ionic side chains surrounding the surface of 
the rods. Another aggregate size is referred to as secondary aggregates, where hydrophilic 
ionic side chains aggregates to form larger aggregates. In terms of size, primary 
aggregates are ~100-1000 nm and secondary aggregates are >1 μm. Also, a small fraction 
of Nafion® can exist as single polymer chains (10 nm) depending on the solvent used. 
These studies reveal that Nafion® does not form a true solution in any solvent 
investigated. Rather, Nafion® aggregates for a dispersion in solution due to strong 
repulsive forces between the highly hydrophobic backbone and highly hydrophilic acidic 
side chains. Figure 3.12 shows DLS data of Nafion® dispersed in DMF, DMAc, DMSO, 
methanol, and ethanol. DLS data was unable to be obtained for Nafion® dispersed in the 
cosolvent. The data shows hydrodynamic radii size and distribution of Nafion® 
aggregates dispersed in each solvent.  
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Figure 3.12. Dynamic light scattering of Nafion® membranes recast from a variety of 
solvents. Data has been offset for visual clarity. 
 
106 
 
 
In this study, Nafion® dispersed in ethanol exists as single molecular chains and 
secondary aggregates. In methanol a bimodal distribution of primary and secondary 
aggregates was observed, while in DMSO, DMAc, and DMF only primary aggregates 
were observed. DMF and methanol show much broader peaks in the primary aggregate 
region compared to other solvents, while ethanol shows the highest secondary aggregate 
size.  
 
Flory-Huggins theory states that polymers truly dissolve in solvents with similar 
solubility parameters.228 More specifically, the behavior of ionomer (ion-containing 
polymer) solutions (or dispersions) in polar solvents has been described using the 
“polyelectrolyte effect.” This theory states that in good solvents of the hydrophobic 
portion of the polymer, the system can be considered as a weakly charged polyelectrolyte 
solution. This idea also describes the formation of a polymer chain aggregate as a way to 
minimize interfacial energy in a polar solvent unable to dissolve the hydrophobic 
polymer chain.228 Two solubility parameters have been reported for Nafion®, one 
associated with the fluorocarbon backbone, 10.1 (cal/cm3)1/2, and one associated with the 
ionic side chains, 16.7 (cal/cm3)1/2.229 Table 3.6 shows the solubility parameters of the 
solvents used in this study. Conclusions regarding size and distribution of aggregates in 
relation to solubility parameters are not clear. It is clear that each solvent promotes 
different aggregate sizes and size distributions. If this aggregate structure in solution 
impacts the final solid-state morphology of the membrane, then this may provide insight 
into why transport properties vary with casting solvent at a given processing condition. In 
particular, Nafion® recast from DMF has the broadest distribution of primary aggregates 
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and also a proton conductivity that is an order of magnitude lower than the membranes 
cast from the other solvents. This suggests that a solid state morphology produced from a 
narrow solution aggregate size would be desirable for high proton conductivities. 
 
Table 3.6. Solubility parameters of selected solvents and Nafion®. 
 
Solvent/Polymer Solubility Parameter (cal/cm3)1/2 
Nafion® 10.1a, 16.7b 
DMSO 13.0 
DMAc 11.0 
DMF 12.1 
Methanol 14.5 
Ethanol 13.4 
Cosolvent 23.4c, 11.5d 
a – Solubility parameter of backbone of Nafion® 
b – Solubility parameter of side chain of Nafion® 
c – Solubility parameter of water 
d – Solubility parameter of isopropanol 
 
3.5. Conclusions 
In this study, process conditions and choice of casting solvent significantly affects the 
morphology, and subsequently the transport properties of recast Nafion® membranes. 
Annealing the recast Nafion® membrane resulted in a decrease in proton conductivity, 
water sorption, and methanol permeability, which coincided with a semi-crystalline 
morphology observed by SAXS. This suggests that the semi-crystalline morphology 
deters the most favorable ionic percolated network. Crystallinity was confirmed with 
DSC. Annealing was performed before and after acidification with similar transport and 
morphology results suggesting that annealing is irreversible. Acidification was performed 
on the recast membranes and showed an increase in all transport properties. SAXS data 
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revealed a scattering peak associated with ionic aggregates and an absence of crystallinity 
in un-annealed membranes. Annealing and acidifying Nafion® showed an increase in 
transport properties compared to the un-annealed and annealed membranes. There 
appears to be a more significant difference in transport properties between acidified and 
unacidified than annealed and unannealed recast Nafion® membranes, but SAXS only 
distinguishes morphological differences between the latter. The choice of casting solvent 
for Nafion® also had a significant impact on transport properties, however no clear trend 
between transport and solvent properties was observed. The SAXS data did not show any 
significant differences in morphology between casting solvents, but DLS data reveals 
significant differences in the size and distribution of aggregates in solution, which may 
impact the final solid-state morphology. Overall, comparing different processing 
conditions and casting solvent all revealed changes in transport properties, but SAXS 
data could only distinguish differences in morphology between annealed and unannealed 
membranes. Morphological differences between other conditions were not clearly 
observed.  
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Chapter 4. Solution cast Nafion®/PVA Blends 
 
 
4.1 Introduction 
In this study, an approach is taken to examine blending a polymer that is selective for 
protons (or water) over an alcohol, PVA, with a proton-conductive polymer, Nafion®. 
Polymer blending or compounding is the physical process of mixing two or more 
polymers. The preparation of polymer blends allows for the mixing of polymers with 
different properties into one material consisting of a synergy of characteristics from both 
parent polymers. Blending is a simple process when compared with other techniques, 
such as copolymerization. Many unique structural and morphological properties arise 
from blending and will be discussed in greater detail later in this chapter.230  
 
Pivovar and coworkers231 investigated polymers commonly used in pervaporation 
applications. These systems can be used to dehydrate alcohols and therefore have a 
higher affinity for water compared to alcohols. However, even though polymers such as 
polyvinyl alcohol (PVA) are selective for water over alcohols, they are also poor proton 
conductors. Recent work by Shao and coworkers232-233 examined composite membranes 
of Nafion® and PVA, where Nafion®/PVA blends were coated on each side of a 
commercially extruded Nafion® film. The composite was subsequently chemically 
crosslinked and sulfonated. These membranes were similar in proton conductivity 
compared to Nafion® with a 48% decrease in methanol permeability. Others have also 
combined PVA with other sulfonic acid containing polymers and have observed reduced 
methanol permeabilities.61,74,234  
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The focus of this chapter was blending Nafion® with PVA. PVA was selected as a 
blending component due to its selectivity for water over methanol. PVA was also found 
to be an appropriate candidate for solution blending due to its high solubility in aqueous 
solution.235 This was advantageous as Nafion® can be dispersed in a mixture of water and 
various alcohols. Finding a common solvent for both blending components is a difficulty 
in developing solution based mixtures.  The PVA used in this study was 99% hydrolyzed 
which made it necessary to heat the solutions. It is known that fully hydrolyzed PVA is 
only slightly soluble in water at 40-60 oC, but at temperatures greater than 80 oC, it 
becomes completely soluble in water.235 In this study, Nafion®/PVA blend membranes 
are prepared via solution casting. The transport properties, phase behavior, chemical 
structure, and DMFC performances of the blends are examined as a function of PVA 
content and annealing temperature.  
 
4.2. Experimental 
4.2.1. Materials 
 
Nafion® dispersions were purchased from Ion Power, Inc. (1100 equivalent weight (EW), 
5 wt% in a mixture of water and alcohols, Liquion®) and Sigma Aldrich (5 wt% in a 
mixture of 15-20 wt% water and 80-85% lower aliphatic alcohols). Poly(vinyl alcohol)  
(99% hydrolyzed, average molecular weight = 86,000 g/mol) was purchased from 
Scientific Polymer Products, Inc. Both Nafion® and PVA were used as received. Nafion® 
117, (1100 EW, 178 μm (0.007 in) thick, commercially extruded film, DuPont) was 
purchased from Aldrich and purified. The purification procedure entailed boiling in 3 
wt% hydrogen peroxide (Aldrich) for 1 hour, washing in deionized (DI) water, boiling in 
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DI water for 1 hour, boiling in 1 M sulfuric acid (Aldrich, 99.999% purity), and washing 
in DI water. Platinum/ruthenium (Pt/Ru) black (50/50 by atomic wt%, HiSPEC™ 6000) 
and platinum (Pt) black (HiSPEC™ 1000) were purchased from Alfa Aesar®. Teflon®-
coated Fiberglass tape with silicone adhesive (CS Hyde Company) was used as a decal 
for catalyst transfer, and poly(tetrafluoroethylene) (PTFE) films (McMaster Carr) were 
used as barriers in the heat pressing procedure. Ethylene propylene diene monomer 
(EPDM) gaskets (794 μm (1/32 in) thick) were purchased from fuelcellstore.com™ and 
used in the fuel cell assembly. Other chemicals used include methanol (Aldrich, 99.8+% 
purity, A.C.S. reagent), 2-propanol (Aldrich, ≥99% purity, ReagentPlus™) and ultra-pure 
reverse osmosis, DI water (resistivity ~ 16 MΩ cm).  
 
4.2.2. Membrane Preparation 
 
Solution cast membranes of Nafion® were prepared by dispersion casting Nafion® 
solution in partially covered Teflon® Petri dishes at ambient conditions for 24-36 hours.  
The Nafion® mixture was considered a dispersion (as opposed to a solution) due to 
aggregate formation in solution, which was discussed in detail in Chapter 3. PVA 
membranes were prepared by solution casting 5% (wt/vol) PVA/water solutions in open 
Teflon® Petri dishes in an oven at 50-60 oC under ambient conditions. After solution 
casting, PVA membranes were annealed under vacuum at 60 oC for 4-6 hours. Pure 
solution cast Nafion® membranes were prepared in the same manner. 
 
Blends of Nafion® and PVA were prepared by mixing a 5% (wt/vol) PVA/water solution 
with a 5 wt% dispersion of Nafion® in water and alcohols. The Nafion® dispersion was 
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heated to approximately 80 oC for 20-30 minutes. Subsequently, the PVA solution was 
added dropwise to the Nafion® dispersion. Sometimes 10-30 mL of deionized water was 
added to the solution mixture to enhance solubility. The blend solutions were then 
solution cast in open Teflon® Petri dishes at ambient conditions for 24-36 hours. 
Membranes were then annealed under vacuum at 60 oC for 4-6 hours. Annealing was 
necessary to inhibit the dissolution of Nafion® in organic solvents and to deter the 
formation of a PVA hydrogel in aqueous solution. Blends were prepared in weight ratios 
of 95/5, 90/10, 85/15, 75/25, 50/50, and 10/90 of Nafion® and PVA, respectively, listed 
in Table 4.1. Increasing PVA content in a blend corresponds to decreasing ion exchange 
capacity (IEC), where IEC is defined as the milli-equivalents of sulfonic acid per gram of 
polymer (meq/g). Blend membranes were annealed at various temperatures: 120, 150, 
180, 210, 230, or 250 oC. Membranes were annealed at 120 and 150 oC for one hour, 
while all others were annealed at 180, 210, 230 and 250 oC for 10 minutes.  
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Table 4.1.  Nafion®/PVA blend membranes. 
 
PVA content (wt%) IEC (meq/g) Polymer Concentration (w/v%) 
0 0.91 5.0 
5 0.87 2.5 
10 0.82 3.1 
15 0.77 2.9 
25 0.68 5.0 
50 0.46 5.0 
90 0.09 5.0 
100 0 5.0 
 
 
 
4.2.3. Membrane Electrode Assembly (MEA) Preparation 
 
Membrane electrode assemblies (MEAs) were prepared by using a standard hand 
painting/decal transfer method.74 Two inks were prepared for the anode and cathode 
electrode layers. The anode ink consisted of a 17:3 wt ratio of Pt/Ru black and Nafion® 
solution mixed with water and 2-propanol, while the cathode ink consisted of a 9:1 wt 
ratio of Pt black and Nafion® solution (Aldrich) mixed with water and 2-propanol. Both 
inks were sonicated for 30 minutes at 30 oC and subsequently painted repeatedly onto 5-7 
cm2 adhesive Teflon®-coated Fiberglass decals until a catalyst loading of ~4-6.5 mg/cm2 
was achieved. Each membrane was sandwiched between catalyst-coated decals: a Pt/Ru 
decal on the anode side and a Pt decal on the cathode side. The assembly was placed 
between two sheets of PTFE film and heat pressed (Laboratory Press, Model C, Carver) 
at 150 oC and 2268 kg (5000 lbs) for 30 seconds. After heat pressing, the decals were 
removed and the catalyst layer was completely transferred unto each side of the 
membrane.  
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4.2.4. Direct Methanol Fuel Cell (DMFC) Test  
DMFC tests were performed on a Scribner 850C Compact Fuel Cell Test Station. An 
MEA was sandwiched between two graphite blocks, or bipolar plates, with 5 cm2 
serpentine single flow patterns and two temperature controlled current collectors. For 
improved sealing of the cell, an EPDM gasket was placed between the plates. 115.2 cm-
kgs (100 in-lbs) of torque was applied to each of the 8 bolts to assemble the entire fuel 
cell assembly. After assembly, a gas leak test was performed with nitrogen to ensure a 
proper seal and no defects with the MEA or membrane. After the leak test, the fuel cell 
assembly was connected to the fuel cell test station. The cathode (air) outlet was 
connected to a backpressure regulator and the anode (methanol/water) outlet was 
configured to flow into a waste container. DMFC tests were conducted at a cathode 
backpressure of 176 kPa (25 psig). Cells had an open circuit voltage (OCV) of ~0.6 V or 
lower depending on the membrane and catalyst loading, and DMFC tests were conducted 
by sweeping potential from OCV to 0.1 V in increments of 0.01 V every 10 seconds and 
recording current. Voltage, current density, and power density were monitored using Fuel 
Cell for Windows™ software supplied by Scribner and at least five consecutive voltage 
sweeps were taken to ensure operation at equilibrium. Inlet and outlet anode methanol 
concentrations were measured as a function of time at all methanol concentrations used in 
this study at a 4 ml/min feed rate, and the results showed no change over time in 
methanol concentration in the inlet and outlet streams.  
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4.3. Results and Discussion 
4.3.1. Solvent Sorption 
In this study, Nafion®/PVA blend membranes were prepared at various compositions (see 
Table 4.1) by solution casting followed by annealing at various temperatures. Annealed 
blend membranes produced durable, flexible membranes similar to Nafion® 117 and were 
insoluble in water. Annealing was important in the preparation of Nafion®/PVA blends 
because recast Nafion® membranes will re-dissolve in methanol and cast PVA 
membranes will re-dissolve in heated water or form hydrogels in water at room 
temperature. Water and methanol sorption calculations are predictive measures of the 
proton conductivity and methanol permeability of polymer membranes, respectively. As 
discussed in Chapter 1, proton conductivity is significantly influenced by water content in 
the membrane and flooding at the cathode is a concern for proper DMFC operation. 
Therefore, intermediate water uptakes (20-50 wt% water) are desirable to aid in proton 
conduction, while not attracting too much water, which will cause flooding. Methanol 
sorption is a static measure of affinity of the polymer for methanol so a low value may be 
a good predictor of a membrane with low methanol permeability. Tables 4.2 and 4.3 list 
the water and methanol sorption, respectively, of selected Nafion®/PVA blends.  
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Table 4.2. Water sorption of Nafion®/PVA blends. 
 
PVA Content 
(wt%) 
Water Sorption 
(wt%) 
 
Annealing Temperature 
(oC) 
 120 150 180 210 230 250 
0a 20 60 48 21 24 48 
0b 25 33 28 27 32 31 
5 20 22 20 43 36 40 
50 35 17 24 39 13 14 
100 83 93 34 52 55 162 
a Nafion® 117 
b solution-cast Nafion® 
 
 
Table 4.3. Methanol sorption of Nafion®/PVA blends. 
 
PVA Content 
(wt%) 
Methanol Sorption 
(wt%) 
 
Annealing Temperature 
(oC) 
 120 150 180 210 230 250 
0a soluble 235 141 75 73 132 
0b soluble 204 94 83 97 75 
5 soluble 164 121 91 79 76 
50 49 39 39 37 36 40 
100 1 14 1 9 10 98 
a Nafion® 117 
b solution-cast Nafion® 
 
 
The water and methanol uptake of Nafion® 117 (0.91 meq/g; 0 wt% PVA), without 
annealing, is 29 and 61 wt%, respectively. These results compare well with literature 
values.19,236 For solution-cast Nafion® (annealed at 60oC), the water sorption is 34 wt%, 
however, the membrane dissolves when placed in methanol. Other researchers237 have 
documented differences between commercially extruded and solution-cast Nafion®. 
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Grot238 has also observed the dissolution of low-temperature solution-cast Nafion® in 
methanol. Therefore, it was necessary to anneal the membrane. It was found in Chapter 3 
that the melting temperature of Nafion® crystallites was 120 oC and was the reason why 
the minimum annealing temperature was 120 oC. It can be stated that solution cast 
Nafion® annealed at temperatures greater than 120 oC will exhibit semi-crystallinity, and 
this morphological arrangement inhibits methanol dissolution. It is important to note that 
both forms of Nafion® reveal a higher affinity for methanol compared to water. In 
contrast to Nafion®, annealed PVA membranes have a higher affinity for water compared 
to methanol (e.g., 83 and 1 wt%, respectively, when annealed at 120 oC). These sorption 
values for Nafion® and PVA provide motivation for this investigation. 
 
The water sorption for Nafion® 117 (annealed at 120 oC) was 20 wt%, which was lower 
than its measured value without an annealing treatment (29 wt%). At higher annealing 
temperatures, there was no clear trend in water sorption for Nafion® or Nafion®/PVA 
blends as a function of annealing temperature or ion content (PVA content). Interestingly, 
Nafion® 117 dissolves in methanol after being annealed at 120 oC, where it was insoluble 
in methanol without an annealing treatment (61 wt% methanol uptake). In this study, all 
blends with low PVA content dissolved in methanol after an annealing treatment at 120 
oC. As annealing temperature increases, Nafion® and blends with low PVA contents 
become insoluble in methanol. Nafion® and blends with low PVA contents all have high 
methanol uptakes with an overall trend of decreasing methanol sorption with increasing 
annealing temperature. Furthermore, Nafion® 117 has a higher methanol sorption at all 
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annealing temperatures compared to its unannealed form (e.g., 235 wt% when annealed 
at 150 oC).  
 
4.3.2. Transport Properties 
The transport of protons and methanol are two important factors in the development of 
PEMs for the DMFC. Proton conductivity and methanol permeability are two measures 
of these fundamental transport characteristics. Figure 4.1 shows the measured proton 
conductivities for annealed Nafion®/PVA blends as a function of IEC at two different 
annealing temperatures, 120 and 250 oC. As expected, proton conductivity decreases with 
decreasing IEC (increasing PVA content). The conductivities at high and low PVA 
contents are similar for both annealing temperatures, however, at other PVA contents 
(10-85 wt%) the conductivity differs by as much as an order of magnitude between the 
two annealing temperatures. The membrane at the highest IEC (0.91 meq/g) in Figure 4.1 
corresponds to solution-cast Nafion® with a conductivity of 19 mS/cm when annealed at 
120 oC.  
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Figure 4.1. Proton conductivity vs. IEC (or PVA content) for Nafion®/PVA blends at 
annealing temperatures of 120 ({) and 250 oC (), where Nafion®/PVA 
at  0 wt% PVA content corresponds to solution-cast Nafion®. 
 
Proton conductivity and methanol permeability as a function of annealing temperature for 
Nafion® 117, solution-cast Nafion® and two Nafion®/PVA blends (5 and 50 wt% PVA or 
φNaf – 0.957, 0.540) are shown in Figures 4.2, 4.3, 4.4, and 4.5, respectively. Figure 4.2 
shows that both proton conductivity and methanol permeability increase and then 
decrease with increasing annealing temperature with a maximum at 210 oC (22 mS/cm; 
8.07 x 10-6 cm2/s). In this study, the conductivity and permeability of Nafion® 117 
without an annealing treatment are 26 mS/cm and 2.00 x 10-6 cm2/s, respectively. These 
values are similar to values reported in the literature using similar experimental 
techniques.3,14-17 
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Figure 4.2. Proton conductivity ({) and methanol permeability () vs. annealing 
temperature for Nafion® 117. The dashed line corresponds to the 
approximate proton conductivity and methanol permeability of Nafion® 
117 without an annealing treatment. 
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Figure 4.3. Proton conductivity ({) and methanol permeability () vs. annealing 
temperature for solution-cast Nafion®. The dashed line corresponds to the 
approximate proton conductivity and methanol permeability of Nafion® 
117 without an annealing treatment. 
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Figure 4.4. Proton conductivity ({) and methanol permeability () vs. annealing 
temperature for Nafion®/PVA (5 wt% PVA) blend. The dashed line 
corresponds to the approximate proton conductivity and methanol 
permeability of Nafion® 117 without an annealing treatment. 
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Figure 4.5. Proton conductivity ({) and methanol permeability () vs. annealing 
temperature for Nafion®/PVA (50 wt% PVA) blend. The dashed line 
corresponds to the approximate proton conductivity and methanol 
permeability of Nafion® 117 without an annealing treatment. 
 
Transport properties of unannealed Nafion® 117 are often used as a benchmark for fuel 
cell applications. The dashed line in Figure 4.2 is a guide line to help identify these 
properties. Conductivities above the line coupled with permeabilities below the line 
represent membranes with higher selectivities compared to unannealed Nafion® 117. 
Selectivity is defined as the ratio of proton conductivity to methanol permeability. All of 
the annealed Nafion® 117 membranes in Figure 4.2 are lower in selectivity compared to 
unannealed Nafion® 117. In fact, methanol permeabilities are higher in most of the 
annealed samples.  
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Figure 4.3 shows that the transport properties of solution-cast Nafion® as a function of 
annealing temperature exhibit a similar trend compared to Nafion® 117 with a maximum 
at 210oC (39 mS/cm; 3.26 x 10-6 cm2/s). However, at all annealing temperatures, 
solution-cast Nafion® exhibits higher conductivities and lower methanol permeabilities 
compared to Nafion® 117. Specifically at 150oC, solution-cast Nafion® has a similar 
conductivity and a slightly lower permeability (24 mS/cm; 1.47 x 10-6 cm2/s) compared to 
unannealed Nafion® 117.  
 
The transport properties of Nafion®/PVA blend membranes (5 wt% PVA) as a function 
of annealing temperature are shown in Figure 4.4. The data differs from Nafion® in that it 
does not appear to follow a clear trend. The measured proton conductivities are similar to 
annealed Nafion® 117, but the methanol permeabilities are lower than unannealed 
Nafion® 117. At 230 oC, the Nafion®/PVA blend has a similar conductivity and a lower 
permeability (20 mS/cm; 6.5 x 10-7 cm2/s) compared to unannealed Nafion® 117. 
However, blends at other annealing temperatures do not have higher selectivities.  
 
Figure 4.5 shows the conductivity and permeability of Nafion®/PVA blend membranes 
(50 wt% PVA) as a function of annealing temperature. The conductivity varies slightly 
(with the exception of the sample annealed at 250 oC), while the permeability decreases 
(by almost an order of magnitude) with increasing annealing temperature. More 
specifically, conductivities and permeabilities ranged from 1-2 mS/cm and 2.4 x 10-7 to 4 
x 10-8 cm2/s, respectively. Even though all of the conductivities in Figure 4.5 are lower 
than unannealed Nafion® 117, it is interesting to note that the trends observed here are not 
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commonly observed in PEMs. In other words, proton conductivity and methanol 
permeability usually increase or decrease simultaneously in sulfonic acid containing 
PEMs with changes in polymer properties (e.g., ion content, water content, temperature, 
morphology). For the case of Nafion®/PVA blend membranes with a 50 wt% PVA 
content, the conductivity and permeability trends appear to be decoupled.  
 
Selectivity versus proton conductivity of unannealed Nafion® 117 and Nafion® 117, 
solution-cast Nafion®, and several Nafion®/PVA blends (5, 25, and 50 wt% PVA) at 
various annealing temperatures are shown together in Figure 4.6.  
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Figure 4.6.  Methanol permeability versus proton conductivity for unannealed Nafion® 
117 (z) and Nafion® 117 ({), solution-cast Nafion® (), and 
Nafion®/PVA (5 () and 50 (U) wt% PVA contents) blends at various 
annealing temperatures.  
 
The figure above is a common way to represent the gas separation properties of polymer 
membranes (i.e., permeability of the desired/undesired gas versus the permeability of the 
desired gas).240 Typically, membranes used for gas separation follow a tradeoff relation, 
where more selective membranes are less permeable to the desired gas or more 
permeable membranes are less selective. Similarly, membranes for the DMFC application 
follow a similar tradeoff relation, where more selective membranes are usually less 
conductive and more conductive membranes are usually less selective. In Figure 4.6, 
membranes that do not follow this tradeoff relation will lie in the upper left hand portion 
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of the graph or to the upper left of the standard membrane (unannealed Nafion® 117). In 
this study,  membranes of interest are solution-cast Nafion® (annealed at 180 oC) with a 
conductivity 1.4 times higher and a similar methanol permeability compared to 
unannealed Nafion® 117 and Nafion®/PVA (5 wt% PVA; 230 oC) with a permeability 3 
times lower and a similar proton conductivity compared to unannealed Nafion® 117. 
These membranes are shown on the graph above and left of the trend line. Additionally, 
Nafion®/PVA (50 wt% PVA; 230 oC) is ~3.5 times higher in selectivity compared to 
unannealed Nafion® 117. However, this membrane is also approximately one order of 
magnitude lower in proton conductivity. All of the Nafion®/PVA (50 wt% PVA) blends 
show an order of magnitude decrease in proton conductivity and methanol permeability 
and are shown in the lower left portion of the graph. Although these membranes show 
much lower methanol permeabilities, the proton conductivities follow a similar trend and 
show similar selectivities to unannealed Nafion® 117. In this study, all Nafion®/PVA 
blend membranes (at all annealing temperatures) with higher than 5 wt% PVA had lower 
conductivities compared to unannealed Nafion® 117 (Figure 4.1).  
 
Figure 4.7 represents the selectivity and conductivity data of Nafion® 117 and solution 
cast Nafion® and selected blends annealed at 230 oC in bar graph format.  
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Figure 4.7. Bar graph of selectivity and numerical representation of proton 
conductivity for unannealed Nafion® 117 and solution cast Nafion® and 
Nafion®/PVA (5, 10, 20, 50 wt% PVA) blends annealed at 230 oC. 
 
This graph shows the proton conductivity and selectivity of Nafion® 117 as 0.026 S/cm 
and 12.5 S s/cm3(x 10-4), respectively. Solution cast Nafion® annealed at 230 oC shows 
similar conductivity but a decrease in selectivity to 7.2 S s/cm3(x 10-4). This decrease can 
be attributed to an increase in methanol permeability of the membrane compared to 
Nafion® 117. The Nafion®/PVA (5 wt% PVA) blend shows a 23% decrease in proton 
conductivity but a 2.7 times increase in selectivity. Amongst the Nafion®/PVA (10, 20, 
50 wt% PVA) blends, a steady decrease in proton conductivity is observed with a rapid 
increase in selectivity up to a maximum of 43.4 S s/cm3. The increase in selectivity is 
Annealed at 230 oC
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observed due to decreasing methanol permeability as more PVA is blended in the 
membrane. It is important to note that although selectivity is pertinent in the evaluation of 
PEMs for the DMFC, it is not the sole predictor for direct methanol fuel cell 
performance. Proton conductivity similar to or above Nafion® is essential to efficient fuel 
cell operation. From these observations, the Nafion®/PVA (5 wt% PVA) blend is the best 
candidate for alternative PEM development as it exhibits both high proton conductivity 
and selectivity. The blends with higher concentrations of PVA exhibit proton 
conductivities 80-95% lower than Nafion®, which will lead to poor DMFC performance. 
The pairing of both high proton conductivity and selectivity is necessary for improved 
DMFC performance.  
 
As was stated earlier, water and methanol sorption are typically strong predictors of 
trends observed in the proton conductivity and methanol permeability of a PEM. 
However, the results in Tables 4.2 and 4.3 do not match the trends observed in transport 
properties shown in Figures 4.2 through 4.5. This suggests that the results observed in 
Figures 4.2 and 4.3 (transport property changes with changes in annealing temperature) 
are a product of changes in the polymer morphology and not differences based solely on 
solvent swelling in the membrane.  
 
4.3.3.  DMFC Experiments  
4.3.3.1. Parametric Study 
Systematic DMFC tests were performed on Nafion® 117 at various operating conditions: 
cell and cathode temperature (40-80 oC), anode (methanol) flow rate (4-10 ml/min), and 
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cathode (air) flow rate (50-1,000 ml/min). This study was utilized for the determination 
of optimal operating conditions for a fuel cell test station. In these tests, parameters other 
than experimental variable were held constant in each test. Figure 4.8 shows that fuel cell 
performance improves with increasing cell and cathode temperature with the highest 
performance at 80oC. In Figure 4.9, it is shown that fuel cell performance decreased with 
increasing methanol volumetric flow rate with the highest performance at 4 ml/min, the 
lower limit of the pump used for the DMFC experiments. DMFC performance increased 
with increasing cathode air flow rate from 50 to 500 mL/min as shown in Figure 4.10, but 
no noticeable improvement was observed at flow rates greater than 0.5 L/min. Similar 
parametric results have been observed by other investigators.13 Based on the experiments 
described above, DMFC operating conditions of 80oC for the cell and cathode 
temperatures, 4 ml/min methanol flow rate, and 500 ml/min air flow rate were used in the 
DMFC experiments in this study.  
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Figure 4.8. Power (open) and polarization (filled) curves of Nafion®  117 at cathode 
and cell temperatures of 40 oC ({,z), 50 oC (,), 60 oC (,¡), 70 oC 
(U,S), and 80 oC (V,T). DMFC experimental conditions – anode 
temperature – 23-26 oC, cathode air flow rate – 0.5 L/min, cathode 
backpressure – 176 kPa, methanol flow rate – 4 mL/min. 
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Figure 4.9.  Power (open) and polarization (filled) curves of Nafion® 117 at methanol 
volumetric flow rates of 4 mL/min ({,z), 6 mL/min (,), 8 mL/min 
(,¡), and 10 mL/min (U,S). DMFC experimental conditions – cathode 
and cell temperature – 80 oC, anode temperature – 23-26 oC, cathode air 
flow rate – 0.5 L/min, cathode backpressure – 176 kPa. 
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Figure 4.10. Power (open) and polarization (filled) curves of Nafion® 117 at cathode 
air flow rates of 0.05 L/min ({,z), 0.1 L/min (,), 0.2 L/min (,¡), 
0.5 L/min (U,S), and 1.0 L/min (V,T).DMFC experimental conditions 
– cathode and cell temperature – 80 oC, anode temperature – 23-26 oC, 
cathode backpressure – 176 kPa, methanol flow rate – 4 mL/min. 
 
 
 
4.3.3.2. DMFC Performance of Nafion® and Nafion®/PVA Blends 
In Figure 1.5, the effect of methanol feed concentration on the DMFC performance of 
Nafion® 117 was shown. It was observed that as methanol concentration increased from 2 
to 16 M, the DMFC performance decreased significantly. More specifically, the 
maximum power density decreases from 59 mW/cm2 at ~280 mA/cm2 (2 M) to 18 
mW/cm2 at ~120 mA/cm2 (16 M) – a three-fold decrease in the maximum power density. 
These results clearly demonstrate the effect of methanol crossover (high methanol 
permeability in Nafion® membranes) and why low methanol feed concentrations (~1-2 
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M) are typically used in DMFCs. Note that ~17 M corresponds to the equimolar 
concentration corresponding to the anode half cell reaction. Therefore, the DMFC 
performance should increase with increasing methanol feed concentration with 
membranes with a higher selectivity (high proton conductivity and low methanol 
permeability). 
 
Figures 4.11 and 4.12 show the DMFC performance of Nafion®/PVA blends (5 wt% 
PVA and 20 wt% PVA, respectively). These membranes were solution cast from a 
water/alcohol mixture and annealed at 230 oC. These performance curves (both 
polarization and power curves) are shown as a function of methanol feed concentration 
ranging from 2 to 16 M. The Nafion®/PVA (5 wt% PVA) blend membrane (Figure 4.11) 
reveals a similar trend to Nafion® 117 in that the voltage and power decrease with 
increasing methanol feed concentration. However, it is interesting to note that the 
decrease in maximum power density from 2 to 8 M is less in the blend membrane 
compared to Nafion® 117, where the blend membrane decreases from 62 mW/cm2 to 46 
mW/cm2, while the Nafion® 117 membrane decreases from 59 mW/cm2 to 31 mW/cm2. 
Respectively, this is a 26% decrease compared to a 47% decrease in maximum power 
density. In addition, the maximum power density of the blend membrane (5 wt% PVA) is 
higher than Nafion® 117 at 2, 4, and 8 M methanol feed concentrations, while the 
maximum power density at 16 M is comparable between the two membranes.  
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Figure 4.11. Power (open) and polarization (filled) curves of Nafion®/PVA (5 wt% 
PVA) blend membrane annealed at 230 oC at 2 M ({,z), 4 M (,), 8 
M (,¡), and 16 M (U,S) methanol feed concentrations. DMFC 
experimental conditions – cathode and cell, temperature – 80 oC, anode 
temperature – 23-26 oC, cathode backpressure – 176 kPa, methanol flow 
rate – 4 mL/min. 
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Figure 4.12. Power (open) and polarization (filled) curves of Nafion®/PVA (20 wt% 
PVA) blend membrane at 2 M ({,z), 4 M (,), 8 M (,¡), and 16 M 
(U,S) methanol feed concentrations. DMFC experimental conditions – 
cathode and cell temperature – 80 oC, anode temperature – 23-26 oC, 
cathode backpressure – 176 kPa, methanol flow rate – 4 mL/min.  
 
 
 
The Nafion®/PVA (20 wt% PVA) blend membrane (Figure 4.12) also shows a decrease 
in voltage and power density with increasing methanol feed concentration. Overall, the 
voltage and power of the Nafion®/PVA blend (20 wt% PVA) are noticeably lower when 
compared to Nafion® 117 and the Nafion®/PVA blend (5 wt%). These results show the 
influence of two important transport properties: proton conductivity and methanol 
permeability. In general, the poor DMFC performance can be attributed to low proton 
conductivity, where the conductivity of the Nafion®/PVA blend (20 wt% PVA) is ~30 
times lower than Nafion® 117 (see Table 4.4). Conversely, the rise in DMFC 
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performance of the Nafion®/PVA blend (5 wt% PVA) can be attributed to lower 
methanol permeability, where the methanol permeability of the Nafion®/PVA blend (5 
wt% PVA) is approximately four times lower than Nafion® 117.  
 
Table 4.4. Properties of Nafion® 117 and Nafion®/PVA Blend Membranes. 
 
PEM 
PVA 
Content 
(wt%) 
Proton 
Conductivity 
(x 102) (S/cm)a 
Methanol 
Permeability 
(x 106) (cm2/s)b 
Membrane 
Thickness 
(μm) 
Nafion® 117 0 2.60 ± 0.15 2.00 ± 0.56 210 
Nafion®/PVA* 5 2.07 ± 0.05 0.65 ± 0.19 181 
Nafion®/PVA* 10 0.56 ± 0.02 0.81 ± 0.20 201 
Nafion®/PVA* 20 0.09 ± 0.01 0.31 ± 0.09 181 
* annealed at 230 oC 
a experiments conducted at room temperature, fully hydrated. 
b experiments conducted at 25oC, 2 M methanol feed concentration. 
 
A comparison of power curves for Nafion® 117 and Nafion®/PVA blend membranes at 5, 
10, and 20 wt% PVA at a methanol feed concentration of 2 M is shown in Figure 4.14. 
The power profiles for Nafion® 117 and Nafion®/PVA (5 wt% PVA) are similar. The 
Nafion®/PVA blend membrane at 5 wt% PVA has a slightly higher maximum power 
density, but the profile for Nafion® 117 extends to slightly higher currents. This 
comparison in Figure 4.13 clearly shows that the Nafion®/PVA blend membranes at 10 
and 20 wt% PVA results in a DMFC performance that is approximately an order of 
magnitude lower than Nafion® 117 and the blend containing 5 wt% PVA. These trends 
coincide with the proton conductivity data shown in Table 4.4, where the proton 
conductivity of Nafion® 117 is similar to the Nafion®/PVA blend membrane at 5 wt% 
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PVA, but the proton conductivity of the Nafion®/PVA blend membranes at 10 and 20 
wt% PVA was significantly lower.  
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Figure 4.13. Power curves of Nafion® 117 (U) and Nafion®/PVA blend membranes at 
5 ({), 10 (), and 20 wt% PVA () at a 2 M methanol feed 
concentration. DMFC experimental conditions – cathode and cell 
temperature – 80 oC, anode temperature – 23-26 oC, cathode backpressure 
– 176 kPa, methanol flow rate – 4 mL/min.  
 
It is important to note that a number of parameters, such as membrane thickness and 
cathode loading, must be held constant when comparing the fuel cell performance of 
different membranes and MEAs (Figure 4.13 for example). Membrane thickness will 
change the flux or resistance of both proton and methanol transport. This has been 
documented by Liu and coworkers241 in their work on the DMFC performance of 
Nafion® membranes at different thicknesses. At low concentrations (2 M), they observed 
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better performance with thinner membranes, but at higher concentrations (4 M), better 
performance was demonstrated with thicker membranes. Thinner membranes result in 
higher flux of protons or less resistance to proton transport, therefore the higher voltages 
can be achieved. However, at higher methanol concentration, methanol crossover deters 
the fuel cell performance, therefore thicker membranes results in a lower methanol flux 
and higher voltages. In hydrogen PEM fuel cells, where methanol crossover is not a 
problem, higher performances are observed with thinner membranes.242-243 In this study, 
the membrane thicknesses were similar, as shown in Table 4.4. In addition to membrane 
thickness, the catalyst loading and Nafion® content in the catalyst layer can impact 
electrode kinetics and interfacial resistance for a given MEA. In this study, these 
parameters were also held constant amongst different MEAs. Also, DMFC tests were 
repeated on each membrane at least three times (three different membranes at each 
composition) to ensure reproducibility of the results shown in this study. 
 
 
Similar to Figure 4.13, Figure 4.14 shows the DMFC performance of Nafion® 117 and 
Nafion®/PVA blend membranes at 5, 10, 20 wt% PVA, but at a methanol feed 
concentration of 8 M. Unlike Figure 4.13, the Nafion®/PVA blend membrane at 5 wt% 
PVA results in a significantly higher overall DMFC performance compared to Nafion® 
117. The maximum power density is 46 mW/cm2 compared to 31 mW/cm2, and the 
polarization curve extends to higher current densities for the blend membrane. The blend 
membrane exhibits a better performance compared to Nafion® 117 at a higher methanol 
feed concentration and a similar thickness due to lower methanol permeability, 
approximately four times lower, as shown in Table 4.4. However, it is evident that a 
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membrane must possess a minimum proton conductivity to result in satisfactory DMFC 
performance. The Nafion®/PVA blend membranes at 10 and 20 wt% PVA illustrate this 
point, where the DMFC performance was significantly lower than Nafion® 117 even at a 
higher methanol feed concentration. Figure 4.14 shows both the feasibility of using a 
Nafion®/PVA (5 wt% PVA) blend membrane in the DMFC and its performance at higher 
methanol concentrations (i.e., higher fuel efficiency). 
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Figure 4.14. Power curves of Nafion® 117 (U) and Nafion®/PVA blend membranes at 
5 ({), 10 (), and 20 wt% PVA () at an 8 M methanol feed 
concentration. DMFC experimental conditions – cathode and cell 
temperature – 80 oC, anode temperature – 23-26 oC, cathode backpressure 
– 176 kPa, methanol flow rate – 4 mL/min.  
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It is interesting to return to the tradeoff between proton conductivity and selectivity, 
which was evident in Figure 4.7, with respect to the DMFC performance curves in Figure 
4.11-4.14. It was noted that Nafion® 117 and the Nafion®/PVA blend containing 5 wt% 
PVA have similar conductivities, but the selectivity of the blend is approximately three-
fold higher than Nafion® 117. In addition, even though the Nafion®/PVA blends 
containing 10 and 20 wt% exhibit lower methanol permeabilities than Nafion® 117, their 
selectivities were also lower due to low proton conductivities. This resulted in lower 
DMFC performance. These comparisons help to show the importance of having both 
adequate proton conductivity and a lower methanol permeability in order to improve 
DMFC performance at higher methanol feed concentrations. In this study, a proton 
conductivity of > ~10 mS/cm was necessary to achieve a DMFC performance 
comparable to Nafion® 117, while a lower methanol permeability (compared to Nafion® 
117) can result in a higher DMFC performance. 
 
4.4.  Blend Morphology 
4.4.1. Infrared Spectra Analysis 
To further understand the transport and selectivity trends, the membranes in this study 
were characterized by infrared spectroscopy. Figure 4.15 shows the infrared spectra of 
the hydroxyl (O-H) band for solution-cast Nafion®, PVA, and Nafion®/PVA blends (5 
and 50 wt% PVA) annealed at 60oC. The infrared band for PVA located at 3269 cm-1 
represents hydrogen-bound hydroxyl groups between polymer chains. For Nafion®, 
several investigators have measured 2-14 molecules of water per sulfonate at water vapor 
activities of 0.15-1.0.19,195 The infrared band located at 3439 cm-1 for solution-cast 
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Nafion® corresponds to the hydroxyl groups in water and hydronium ions that interact 
with the sulfonic groups on the side chains of the polymer at <100 %RH.243 As PVA 
content increases in the Nafion®/PVA blend, the location of the hydroxyl band shifts, 
representing a distribution of interactions (e.g., 3314 cm-1 for Nafion®/PVA at 50 wt% 
PVA). This distribution may be a combination of the interactions observed in both PVA 
and Nafion® and also hydrogen bonding between the hydroxyl groups in PVA and the 
sulfonic acid groups in Nafion®. 
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Figure 4.15. Infrared spectra (ATR) of Nafion®/PVA blend membranes as a function of 
PVA content annealed at 60oC. The bands shown here depict the hydroxyl 
(O-H) infrared stretching vibration. 
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Table 4.5 lists the location of the infrared hydroxyl band for all membranes in this study 
as a function of annealing temperature. There is no significant change in the location of 
this band for Nafion® or PVA membranes as a function of annealing temperature. 
However, this band shifts significantly for Nafion®/PVA blend membranes (25 to 90 wt% 
PVA) with increasing annealing temperature. The infrared band shifts over 100 cm-1 in 
some cases. Figure 4.16 shows this band shift more clearly, where Nafion®/PVA at 50 
wt% PVA shifts from 3314 to 3459 cm-1 with increasing annealing temperature. These 
results suggest a change in the distribution of interactions that occur in Nafion®/PVA 
blend membranes when the annealing temperature is increased. This may provide insight 
into the unusual selectivity trend observed in Figure 4.5, where proton conductivity 
remains relatively constant, but methanol permeability decreases with increasing 
annealing temperature in Nafion®/PVA (50 wt% PVA). Annealing at higher temperatures 
may encourage less interaction among hydroxyl groups in PVA and more interactions 
between the hydroxyl groups in PVA with the sulfonic acid groups in Nafion®, resulting 
in an infrared band shift to higher wavenumbers observed in Figure 4.16. Annealing may 
facilitate more hydroxyl groups from PVA into the percolated sulfonic acid cluster 
network (pathway for proton, water, and methanol transport), which therefore improves 
selectivity. Figure 4.17 shows a schematic of the suggested intermolecular interactions of 
Nafion®/PVA blends and the effect of annealing with respect to these interactions. In this 
study, the entire mid-IR spectra was inspected for solution-cast Nafion®, PVA, and 
Nafion®/PVA blends (at all compositions) and no evidence of covalent bond formation 
was observed with annealing.  
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Table 4.5. Location of hydroxyl infrared band maximum in Nafion®/PVA blends. 
PVA Content 
(wt %) 
Infrared Peak Maximum Location 
(cm-1) 
 Annealing Temperature (oC) 
 60 120 150 180 210 230 250 
0a 3436c 3429 3435 3380 3416 3410 3288 
0b 3439 3424 3434 3409 3436 3433 3420 
5 3422 3430 3430 3443 3431 3461 3432 
10 3388 3438 3391 3418 3381 3416 3417 
15 3388 3394 3414 3408 3446 3410 3418 
25 3381 3443 3410 3428 3376 3429 3464 
50 3314 3391 3392 3405 3430 3436 3459 
90 3276 3288 3287 3286 3294 3310 3395 
100 3269 3272 3290 3285 3284 3322 3330 
a Nafion® 117 
b solution-cast Nafion®  
c unannealed 
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Figure 4.16. Location of the hydroxyl (O-H) infrared band maximum for solution-cast 
Nafion® ({) and Nafion®/PVA blends (5 (), 50 (), and 100 (U) wt% 
PVA contents) as a function of annealing temperature. 
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Figure 4.17. Schematic of chemical structures illustrating interactions that occur 
between functional groups in PVA, Nafion®, and Nafion®/PVA 
blend membranes.  
 
Temperature-induced crystallinity is another important parameter when dealing with 
Nafion® and PVA. As shown in Chapter 3, Nafion® develops crystalline domains after 
annealing at 210 oC. PVA also becomes semi-crystalline after annealing at temperatures 
greater than 120 oC.235 FTIR has been used to study crystallinity in PVA membranes.244-
247 Peppas has shown that the 1141 cm-1 band in PVA correlates to the crystallinity in 
PVA.245-246 This band was not studied in this work as CF2 (1140 cm-1) stretching from the 
Nafion® backbone masks the peak at 1141 cm-1. Therefore, exact measurements could not 
be made with regards to this band. Shibayama determined that the 920 cm-1 (CH2 
rocking) band in the infrared spectra of PVA is also directly correlated to the crystalline 
domains created in PVA.247 This band was suitable for this study as Nafion® does not 
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show bands in that location of the infrared spectrum. With regards to Nafion®, specific 
bands have not been determined that directly correlate to temperature-induced 
crystallinity. 
 
Crystallinity in polymers is important in understanding polymer structure or morphology. 
Although other factors may affect phase structure in polymers, crystallinity in a polymer 
blend will promote phase separation. Therefore, an understanding of crystallinity in 
Nafion®/PVA (50 wt% PVA) blends is important to polymer morphology. Transmission 
infrared experiments were performed on the Nafion®/PVA (50 wt% PVA) blends in 
Figure 4.18 with a focus on the 920 cm-1 band region.  
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Figure 4.18. Infrared spectra (transmission) of annealed Nafion®/PVA (50 wt% PVA) 
blend membranes in the region of 935-910 cm-1. Data has been offset for 
visual clarity. 
 
This figure clearly shows a band at 922 cm-1 for the Nafion®/PVA (50 wt% PVA) blend 
annealed at 120 oC, while the other spectra at higher annealing temperatures do not show 
this band. This suggests that crystalline domains of PVA form in the blend annealed at 
120 oC, but do not form when annealed at higher temperatures. Figure 4.19 shows that 
unblended PVA has a band at 916 cm-1 for all annealing temperatures. This observation 
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shows that unblended PVA crystallizes at all temperatures within the range of 120-230 
oC. Also, the shifting of the band to the right from 922-916 cm-1 is termed a blue shift, 
which means hydrogen bonding is becoming stronger.  It is likely that hydrogen bonding 
would be stronger in crystallized polymers. The band shift to the left for the 
Nafion®/PVA blends compared to the PVA homopolymers shows that interactions are 
occurring between Nafion® and PVA, hence decreasing the strong hydrogen bonding 
between hydroxyl groups in PVA.  
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Figure 4.19. Infrared spectra (transmission) of annealed PVA membranes in the region 
of 935-900 cm-1. Data has been offset for visual clarity. 
 
 
For crystallization to occur, the proximity between crystallizable components must be 
close. As the distance between polymers increases, the likelihood of crystallization is 
reduced. This means that when crystallization occurs in one polymer but not the other, 
phase separation will occur. The data from Figure 4.18 implies that the inhibition of 
crystallinity in Nafion®/PVA (50 wt% PVA) blends annealed at temperatures greater than 
120 oC decreases the chance for phase separation to occur and increasing the likelihood 
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of phase mixing, which was suggested from data in Figures 4.15 and 16. This data 
correlates well with the schematic in Figure 4.17. The data in Figure 4.15-18 help to 
explain the interesting transport characteristics of Nafion®/PVA (50 wt% PVA) blends 
over the annealing temperature range. The suggested increase in phase mixing with 
increasing annealing temperatures helps to explain the increase in selectivity. The 
incorporation of the PVA phase in the Nafion® phase promotes an affinity for water over 
methanol which causes a decrease in methanol permeability with only a slight decrease in 
proton conductivity. If the blend components were phase separated, a likely result would 
have been a simultaneous decrease in methanol permeability and proton conductivity.  
 
4.4.2. DSC 
As stated in section 4.3.2, the Nafion®/PVA blends containing 50 wt% PVA exhibit 
interesting transport properties after annealing at various temperatures. It was 
hypothesized that phase mixing between the Nafion® and PVA was promoting these 
phenomena to occur. To further understand the results and hypotheses generated from 
transport and infrared experiments that crystallinity was inhibited in Nafion®/PVA blends 
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at higher annealing temperatures, DSC experiments were performed. 
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Figure 4.20. DSC thermograms of Nafion®/PVA (50 wt% PVA) blends annealed at 
120, 150, 180, 210, 230, 250 oC (Initial heating run). Data has been offset 
for clarity. 
 
DSC thermograms of Nafion®/PVA (50 wt%) blends show similar results over the 
annealing temperature range of 120-250 oC. Each annealed blend shows an endothermic 
minimum in the range of 100-120 oC. The melting temperature of PVA crystallites at 228 
oC (shown in Figure 4.21) was not observed in each of the data sets. The absence of the 
PVA melting temperature means that PVA was unable to crystallize in the blends after 
annealing. Figure 4.21 shows a representative DSC thermogram of annealed PVA in the 
range of 120-250 oC in which the melting temperature at 228 oC is observed.  
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Figure 4.21. DSC thermogram of PVA annealed at 180 oC. 
 
The thermogram of the Nafion®/PVA (50 wt% PVA) blend annealed at 120 oC does not 
show a melting temperature although the infrared spectra did imply crystallization was 
occurring. The discrepancy may be attributed to only a small total weight of crystallized 
PVA, which was unable to be detected by DSC experiments. The inhibition of the 
crystallization of PVA in the blends suggests that phase separation is not occurring after 
annealing. Specifically, it is believed that the interactions between the blend components 
are inhibiting PVA crystallization due to intimate mixing of the two phases. It was 
hypothesized in section 4.4.1 that hydrogen bonding interactions were occurring between 
PVA and Nafion® after annealing. The lack of a melting temperature in the DSC 
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confirms that PVA and Nafion® may be interacting leading to the inhibition of PVA 
crystallization. 
 
4.4.3. SEM 
Figure 4.22-24 show SEM images of Nafion®/PVA (50 wt% PVA) blends annealed at 60, 
180, 230 oC, respectively. Figure 4.22 shows a layered morphology where the dark phase 
is Nafion® and the light phase is PVA. The structure of this membrane is clearly phase 
separated. Figures 4.23 and 4.24 do not show phase separation across the cross section of 
the annealed blend as no contrast was visible on the image. The images do show circular, 
amorphous domains, but these were deemed to be topographical. These images show that 
after annealing, phase mixing occurs between Nafion® and PVA. These images support 
infrared and thermal data from sections 4.4.1 and 4.4.2.    
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10 µm
 
Figure 4.22. SEM image of the cross section of Nafion®/PVA (50 wt% PVA) blend 
cast at ambient conditions and annealed at 60 oC. 
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1 µm
 
Figure 4.23. SEM image of the cross section of Nafion®/PVA (50 wt% PVA) blend 
cast at ambient conditions and annealed at 180 oC. 
 
157 
 
 
2 µm
 
Figure 4.24. SEM image of the cross section of Nafion®/PVA (50 wt% PVA) blend 
cast at ambient conditions and annealed at 230 oC. 
 
4.4.4. Proton Conductivity Models 
The proton conductivity data of the annealed Nafion®/PVA blends was regressed to 
various models corresponding to theoretical morphologies present in the membrane. The 
possible morphologies of the membranes range from completely phase separated to 
completely miscible blends. This section will present the findings of the fitted data-model 
comparison. 
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Miscible blends follow a log additivity relationship with respect to conductivity in the 
following relationship.248 
2211 logloglog σφσφσ +=b         (4.1) 
where σb is the conductivity of the blend,  σ1 is the conductivity of polymer 1, σ2 is the 
conductivity of polymer 2, φ1 is the volume fraction of polymer 1 and φ2 is the volume 
fraction of polymer 2. Phase separated blends can predict the limits of conductivity using 
series (Eq. 4.2) and parallel (Eq. 4.3) models. The parallel model represents the upper 
bound limit where the higher conductivity constituent makes up the continuous phase in 
the blend, while the series model is the lower bound limit where the lower conductivity 
constituent makes up the continuous phase in the blend.248  
1221
21
σφσφ
σσσ +=b          (4.2) 
2211 φσφσσ +=b           (4.3) 
Maxwell’s equation can similarly be used to represent phase separated blends in a 
morphology where spherical domains of one polymer are dispersed in a semi-continuous 
matrix of the other polymer.249 
( )
( ) ⎥⎦
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dmdmd
mb σσφσσ
σσφσσσσ
2
22
      (4.4) 
The subscripts b, m, and d represent the blend, matrix, and dispersed phases, respectively. 
This model has been shown to closely represent blend behavior at low and high 
concentrations of the components, but does not accurately describe intermediate 
concentrations of both constituents.  
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The equivalent box model (EBM) has been used to represent modulus, permeability, and 
other transport properties of phase separated blends over the entire concentration range of 
each component.250 This two parameter model accounts for the idea of phase continuity 
within heterogeneous polymer blends. Phase continuity is a concept based on coupling 
simplistic series and parallel models. A parallel model assumes that all components are 
continuous in the direction of permeant flux, and a series model implies phase boundaries 
between the two phases. Within heterogeneous polymer blends, a simple series or parallel 
model does not capture intermolecular interactions and density and viscosity differences. 
Hence the equivalent box model was devised to account for these interactions which may 
cause a co-continuous morphology to form. Figure 4.25 shows a proposed representation 
of the model, noting proton conductivity is assigned to the vertical direction. 
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Figure 4.25. Morphological representation of heterogeneous polymer blends according 
to the equivalent box model. 
 
The equivalent box model utilizes four fitting parameters: φ1cr, φ2cr, t1, t2. φ1cr is the 
critical volume fraction of polymer 1 (Nafion®), φ2cr is the critical volume fraction of 
polymer 2 (PVA), t1 and t2 are the critical percolation exponents in polymer 1 and 2, 
respectively. Percolation theory states that when φ1 < φ1cr, the respective component is 
present only as isolated clusters, but when φ1 > φ1cr a fraction of the component becomes 
continuous. The critical volume fractions of each component are the volume fractions at 
which the components will form a connected network in the polymer blend. The critical 
percolation exponents are an indication of the non-ideality or randomness of the PEM 
structure. As the system approaches lower values for a random-order system, the system 
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becomes more ideal or ordered. These universal parameters are based on the de Gennes 
percolation theory.251  
 
The equations used in the model are shown below.252 
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where φ1, φ1s, and φ1p are the total, series, and parallel volume fractions in phase 1, and 
φ2, φ2s, and φ2p are the total, series, and parallel volume fractions in phase 2, φ is the total 
volume fraction in the series phase, and σ1, σ2, and σb are the proton conductivities of 
phase 1 and 2 and the blend. Equation 4.10 incorporates values from Equations 4.5-4.9 to 
give the model-predicted proton conductivity of the blend. Regressing these equations 
with four fitting parameters to experimental conductivity data can provide a description 
of the configuration of the polymer blend. The regression data was conducted using 
MATLAB and EZyFit software. The fitted parameters were adjusted until a R2 value of 
at least 0.99 was attained.  
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Figures 4.26-31 show the experimental and fitted proton conductivity of Nafion®/PVA 
blends annealed at 120, 150, 180, 210, 230, and 250 oC over the entire composition range 
using the log additivity (miscible), series, parallel, Maxwell, and equivalent box models.  
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Figure 4.26. Proton conductivity of Nafion®/PVA blends annealed at 120 oC showing 
the experimental data ({) and the miscible, series, parallel, Maxwell, and 
equivalent box model (EBM) regressions.  
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Figure 4.27. Proton conductivity of Nafion®/PVA blends annealed at 150 oC showing 
the experimental data ({) and the miscible, series, parallel, Maxwell, and 
equivalent box model (EBM) regressions.  
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Figure 4.28. Proton conductivity of Nafion®/PVA blends annealed at 180 oC showing 
the experimental data ({) and the miscible, series, parallel, Maxwell, and 
equivalent box model (EBM) regressions.  
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Figure 4.29. Proton conductivity of Nafion®/PVA blends annealed at 210 oC showing 
the experimental data ({) and the miscible, series, parallel, Maxwell, and 
equivalent box model (EBM) regressions.  
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Figure 4.30. Proton conductivity of Nafion®/PVA blends annealed at 230 oC showing 
the experimental data ({) and the miscible, series, parallel, Maxwell, and 
equivalent box model (EBM) regressions.  
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Figure 4.31. Proton conductivity of Nafion®/PVA blends annealed at 250 oC showing 
the experimental data ({) and the miscible, series, parallel, Maxwell, and 
equivalent box model (EBM) regressions.  
 
From the figures, it appears that the equivalent box model was the best fit for each data 
set except the blends annealed at 250 oC. The blends annealed at 250 oC appear to show a 
good fit to the miscible model at high volume fractions of Nafion® and the series model 
at low volume fractions of Nafion®. This is likely due to exceeding the melting 
temperature of PVA (230 oC). The fitting parameters for each figure are listed in Table 
4.6. 
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Table 4.6. Fitting parameters to the equivalent box model used in Figures 4.26-4.31. 
 
Annealing 
Temp 
φ1cr φ2cr t1 t2 
120 0.342 0.0111 6.3 1.0 
150 0.326 0.0026 5.6 1.0 
180 0.322 0.0010 12.3 1.0 
210 0.319 0.0027 12.2 1.0 
230 0.284 0.0024 5.4 1.0 
250 0.345 0.1850 9.4 1.8 
1 - Nafion® 
2 - PVA 
 
The equivalent box model fits the conductivity data well. This is likely due to the model 
containing four fitting parameters. Also, this model does not fit the data well at volume 
fractions less than the critical volume fractions of the two components. This means the 
model is most accurate at intermediate volume fraction values. The other models used in 
this study do not contain fitting parameters. However, a limitation to Maxwell’s model is 
at intermediate concentrations where both components contribute to both the continuous 
and discontinuous phases.  
 
It is interesting to focus on the Nafion®/PVA (50 wt% PVA or φPVA – 0.54) blend data as 
it was shown to exhibit enhanced selectivity with increasing annealing temperatures. It 
was suggested using other characterization techniques that the blend was becoming more 
phase mixed as it was annealed to higher temperatures. As a blend becomes phase mixed, 
the blend components are becoming miscible. A way to quantify the degree of phase 
mixing using the models is by calculating the error between the experimental data and the 
predicted data from the miscible blend model. This calculation is presented in Figure 
4.32.  
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Figure 4.32. Error values between experimental and miscible model data for 
Nafion®/PVA (50 wt% PVA or φPVA – 0.54) blends.  
 
 
The figure shows that the error values between the experimental data and the data from 
the miscible model are similar over the annealing ranges of 120-180 and 230-250 oC. At 
an annealing temperature of 210 oC, the squared error value is one order of magnitude 
lower. This suggests the Nafion®/PVA (50 wt% PVA or φPVA – 0.54) blend annealed at 
210 oC is more miscible than the blends annealed at other temperatures. FTIR, DSC, and 
SEM data suggest a degree of phase mixing is occurring in the Nafion®/PVA blends 
containing 50 wt% PVA. From the model data shown in Figures 4.26-4.32, it is difficult 
to determine the exact morphology of the blends. It was shown that the blends are neither 
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completely miscible nor phase-segregated as the data does not fit the miscible, series, 
parallel, or Maxwell’s model. The data does appear to fit the equivalent box model, but 
this model contains four fitting parameters and several values for the fitting parameters 
are likely to fit the data. The data and models also show that at high volume fractions of 
Nafion®, the blends appear to be miscible. Although the modeling data is inconclusive, 
other techniques suggest that Nafion®/PVA blends become more phase mixed at higher 
annealing temperatures. 
 
4.5. Conclusions 
In this study, the transport properties of solution cast polymer blend membranes of 
Nafion® (proton conductive) and PVA (selective for water over alcohols) were measured 
as a function of composition and annealing temperature for application to the DMFC. 
One key result observed was the trends in proton and methanol transport in the 
Nafion®/PVA blend membrane at 50 wt% PVA. As annealing temperature increased, 
proton conductivity remained relatively constant, while methanol permeability decreased 
by almost an order of magnitude. These trends differ from most investigations, where 
proton and methanol transport usually increase or decrease simultaneously in sulfonic 
acid containing PEMs with changes in polymer properties.  
 
The DMFC performance of Nafion®/PVA blend membranes was reported at various 
compositions and methanol feed concentrations. The blend membrane at 5 wt% PVA 
annealed at 230oC resulted in a fuel cell performance higher than Nafion® 117 at 2, 4, and 
8 M, where the performance at 8 M was 33% higher. This result coincides with transport 
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properties, where the blend has a similar proton conductivity compared to Nafion® 117, 
but a methanol permeability three times lower.   
 
Polymer characterization techniques, including infrared spectroscopy, differential 
scanning calorimetry, and scanning electron microscopy, support the hypothesis that 
increased phase mixing occurs as the annealing temperature was increased. Infrared 
spectroscopy suggested that hydrogen bonding was occurring between Nafion® and PVA 
to promote phase mixing. DSC showed that the crystallization of PVA was inhibited 
which was likely due to interactions between Nafion® and PVA. SEM images visually 
showed a lack of phase separation in blends annealed at 180 and 230 oC compared to the 
unannealed blend. Also, proton conductivity models showed that phase mixing, or co-
continuous, morphologies were apparent after thermal annealing. 
 
Solution cast polymer blends have the ability to impact selectivity in PEMs for the 
DMFC. A number of parameters, including blend composition, annealing temperature, 
morphology, and chemical interactions are important to the transport properties of the 
prepared blends.  
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Chapter 5. Heat pressed Nafion® Blend Membranes 
 
 
5.1.  Introduction 
Nafion® and Nafion® blends have been prepared using solution casting techniques in 
Chapters 3 and 4. Solution casting allows for the formation of homogeneous, transparent 
membranes to be formed. Solution casting also allows for a simple method to prepare a 
polymer blend by mixing two polymers in a common solvent. The difficulty in solution 
casting polymer blends is determining a common, good solvent for both polymers. 
Usually, even when a common solvent has been found, the two polymers will not form a 
miscible blend. This observation can be described using the Flory-Huggins solution 
theory, which provides an approximation for the free energy of mixing of polymers A 
and B: 
( ) ( )⎥⎦
⎤⎢⎣
⎡ −+−−+=Δ AAAB
B
AA
A
AA
mis VV
RTVG φφχφφφφ 1~1ln1ln     (5.1) 
where V is the total volume of the polymer mixture, φA is the volume fraction of polymer 
A, VA is the molar volume of polymer A, VB is the molar volume of polymer B, χ~ AB is 
the chi interaction parameter of the two polymer related to the heat of mixing and equal 
to χAB/Vr, where Vr is the reference volume of the smallest polymer repeat unit.253 The 
first two terms in the brackets are related to enthalpic contributions and will always be 
positive. The final term, which is related to the entropy of the system, must be negative 
for ΔGmix to be negative which will result in polymer miscibility. The entropy term will 
only be negative when the chi parameter is negative, which can only occur when the 
polymers enter a phase mixed configuration. This theory will be utilized to predict 
polymer-polymer miscibility in polymer blends. 
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Researchers have developed other preparation techniques for blending polymers 
including co-extrusion254-256 and heat pressing.257-259 In this study, heat pressed Nafion® 
blend membranes were investigated. Nafion® membranes have been prepared using ball-
milled powders in a mold under high temperatures and pressures.257-258 Moore and 
coworkers6 were the first group to attempt this technique as it was believed heat pressing 
would allow for the formation of thicker and larger membranes. In this process, Nafion® 
was exchanged with a heavy cation (e.g. tetrabutylammonium hydroxide (TBAOH)) 
before pressing to reduce repulsive van der Waal’s forces in the electrostatically charged 
acid form of Nafion®. The powders were heated above the glass transition temperature of 
Nafion® yielding a transparent film. To return Nafion® to the acid form, the membranes 
were reacidified in strong acids.  
 
Other researchers257 more closely focused on the preparation of the Nafion® powders for 
the heat pressing process. It was determined that ball milling times less than 100 minutes 
were important to inhibit secondary agglomerations of the particles. In addition, it was 
shown through TGA and DSC analysis that the ball milling process does not destroy the 
ionic clusters in Nafion®.  
 
The overall goal of this research is to develop and investigate selective PEMs for the 
DMFC. Heat pressing provides an avenue to produce PEM blends without the restriction 
of a common good solvent, which allows for the introduction of new polymers in 
Nafion® blends that cannot be produced via solution casting. This process also allows for 
a more in depth investigation on the effect of blend properties on morphology and 
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transport. Other researchers have demonstrated that heat pressed Nafion® membranes can 
be prepared, but this study extends to heat pressed Nafion® blends with poly(vinylidene 
fluoride) (PVDF), poly(vinyl alcohol) (PVA), and polyacrylonitrile (PAN). Preparation 
techniques, transport properties, chemical structure, and polymer miscibilities are 
discussed in detail. The potential for the use of these membranes in DMFC applications is 
also discussed.  
 
5.2.  Experimental 
5.2.1. Materials 
Nafion® (molecular weight – appx. 1,000,000 g/mol) pellets in hydrogen ion form, 
poly(vinylidene fluoride) (molecular weight – 530,000 g/mol) containing 59% fluorine, 
and poly(vinyl alcohol) (molecular weight – 86,000 g/mol, 99% hydrolyzed) were 
purchased from Scientific Polymer Products. Polyacrylonitrile (molecular weight – 
150,000 g/mol) was purchased from Aldrich. Methanol (>99.8% purity, A.C.S. reagent) 
(MeOH), sulfuric acid (99.999% purity, 95-98% H2SO4 content), and 
tetrabutylammonium hydroxide in water (1.0 M, A.C.S. reagent) (TBAOH) were 
purchased from Aldrich and used without further purification. Reverse osmosis (RO) 
water (resistivity ~ 18 MΩ cm) was also used.  
 
5.2.2. Membrane Preparation 
Heat pressed Nafion® membranes were prepared by cryogenically grinding Nafion® 
pellets using a freezer mill (SPEX Certiprep). The pellets (~10 g) were placed in a 
stainless steel vial with a stainless steel ball and pulverized. The first step was a 10 
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minute precooling stage using liquid nitrogen. After cooling the equipment, each sample 
was cycled six times at the maximum power rating in which each cycle consisted of 4 
minutes grinding time and 5 minutes of cooling. This procedure was repeated twice for 
each loading to give a total milling time of 48 minutes. After a fine powder was 
produced, the particles were separated using a polypropylene mesh sieve set (Bel-Art) 
consisting of 8 mesh sizes (707, 500, 354, 250, 177, 125, 88, 63 μm). After separation, 
each size-specific powder was placed in a molar excess of aqueous 1M 
tetrabutylammonium hydroxide (TBAOH) and stirred for 24 hours for complete 
neutralization. Once neutralized, the Nafion® powders were filtered through a Buchner 
funnel and dried in a vacuum oven at 60 oC for 4-6 hours. The dried powder was placed 
in water for 24 hours and stirred to wash excess TBAOH. After washing, the powders 
were again filtered through a Buchner funnel and dried at 40 oC in a convection oven. 
The other polymers in this study, poly(vinylidene fluoride) (PVDF), poly(vinyl alcohol) 
(PVA), and polyacrylonitrile (PAN) were prepared in a similar way. Each step was the 
same except the neutralization step.  
 
Nafion® membranes were heat pressed using a hydraulic laboratory press (Carver) 
equipped with heated platens, 12 ton maximum clamping force, and a heated 1.125” test 
cylinder and pellet mold (Carver). 0.1-0.13 g of neutralized Nafion® powder (< 63 μm) 
was placed in the test cylinder. For heat pressing, the test cylinder was assembled and 
heated to 190-210 oC under 5000 lbs of force for 15 minutes. Then heat was removed 
from the cylinder and placed under 10000 lbs of force for 10 minutes after which the 
membrane was removed from the test cylinder. The dense membrane was placed in 75-
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100 mL of boiling 8 M sulfuric acid under reflux and stirring for 24 hours to re-acidify 
the previously neutralized Nafion®. The acidified membrane was removed from sulfuric 
acid and immediately placed in boiling deionized water under reflux for 24 hours. Once 
complete, the membrane was dried in a convection oven at 40 oC.  
 
Melt-pressed blend membranes were synthesized in a similar fashion. Melt-pressed 
blends of Nafion® and PVDF were prepared in ratios of 5, 10, 20, 30, 40, 50 wt% PVDF. 
Appropriate weights of each component totaling 0.1-0.13 g of total polymer were 
measured and mixed for 30 seconds using a mini-vortexer. The blended powders were 
placed in the heated mold and spread evenly over the top surface of the bottom of the 
mold. The mold was assembled and placed in the heat press at 190-210 oC for 10 minutes 
under 5000 lbs of force. After 10 minutes had elapsed, heating was removed and the 
mold was placed under 10000 lbs of force for 15 minutes. The membrane was then 
carefully peeled from the mold and acidified in the same procedure as above. Heat 
pressed blends of Nafion® and PAN were prepared in ratios of 5, 50 wt% PAN, and heat 
pressed blends of Nafion® and PVA were prepared in ratios of 5, 50 wt% PVA. Both sets 
of membranes were prepared using the same procedure as described above.  
 
It is important to note that the particle sizes of Nafion® and other polymers were 63 μm 
or less in diameter. Although the ground powders varied in particle diameter, a consistent 
and small particle size was necessary for heat pressing homopolymers and blends as 
particles of greater size did not produce homogeneous, dense membranes. 
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5.2.3. DMFC Tests 
The same MEA preparation and DMFC experimental setup were used for the heat 
pressed membranes as the membranes in Chapter 4. 
 
5.3. Heat pressed Nafion® 
Heat pressing Nafion® is an uncommon procedure for preparing Nafion® membranes257-
258 as there is very little literature in this field of research. Other investigators have shown 
that smaller Nafion® particles more easily form transparent membranes, and the 
neutralization process was necessary. In this study, a transparent dense Nafion® 
membrane was produced by heat pressing milled particles of diameter 63 microns or less. 
A photograph of the heat pressed membrane compared to the extruded Nafion® 117 
membrane is shown in Figure 5.1. 
 
 
Extruded Nafion® 117 Melt pressed Nafion ®
 
 
Figure 5.1. Photograph of Nafion® 117 and heat pressed Nafion®. 
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The heat pressed Nafion® membranes look similar to Nafion® 117. To determine if heat 
pressing or grinding resulted in other changes to the chemical structure of Nafion®, FTIR 
experiments were performed. Figure 5.2 shows the infrared spectra of heat pressed and 
extruded Nafion®. There appears to be no difference between the two spectra, therefore it 
appears that heat pressing nor grinding has any adverse effect to the polymer chemistry. 
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Figure 5.2. Infrared spectra (ATR) of heat pressed Nafion® and Nafion® 117. Data has 
been offset for visual clarity. 
 
Acidification was important to return the neutralized, heat pressed Nafion® back to its 
acid form. Table 5.1 shows the effect of acidifying the neutralized, heat pressed Nafion® 
where there is an increase in proton conductivity by three orders of magnitude. Water and 
methanol sorption values were similar while methanol permeability increased two-fold 
and selectivity increased by 37 times. This can be attributed to the 3 orders of magnitude 
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increase in proton conductivity with only a two-fold increase in methanol permeability. 
This data illustrates the importance of acidification.  
 
Table 5.1. Transport properties of neutralized and acidified heat pressed Nafion® 
membranes. 
 
Condition 
Water 
Sorption 
(wt%) 
Methanol 
Sorption 
(wt%) 
Proton 
Conductivity 
(S/cm) 
Methanol 
Permeability 
(cm2/s)  
(x106) 
Selectivity 
(S s/cm3) 
(x 1000) 
Neutralized 24.2 134.6 0.000013 0.24 0.6 
Acidified 32.2 124.6 0.012 0.55 21.9 
 
Figure 5.3 shows the infrared spectra for both the neutralized and acidified heat pressed 
membranes. 
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Figure 5.3. Infrared spectra (ATR) of neutralized and acidified heat pressed Nafion®. 
Data has been offset for visual clarity. 
 
The infrared spectra of both membranes are similar except in the region of 3000-2900 
cm-1. The neutralized Nafion® shows distinct bands in this region, which are associated 
with CH2 symmetric and asymmetric stretching that is characteristic of the 
tetrabutylammonium cation. With acidification, these bands are not present since the 
acidification process removes the tetrabutylammonium cation attached to the sulfonic 
acid group and replaces it with H+ ions. This data shows that the acidification process 
was successful and had no effect on the chemical structure except removing the cation 
attached to the acidic sulfonic side group in the polymer.  
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It was important to determine how the heat pressing process affects the transport 
properties of Nafion® in comparison with other preparation techniques. Table 5.2 lists the 
transport properties of heat pressed Nafion® compared to solution cast and extruded 
Nafion® 117. The data for the solution cast (from water/alcohol cosolvent) and Nafion® 
117 membranes are for the respective membranes annealed at 210 oC prior to an 
acidification procedure. This was for consistency as the heat pressed membranes were 
processed at 210 oC. Also, the transport data for the heat pressed membrane is data taken 
after the membrane had been acidified. 
 
Table 5.2. Transport properties of Nafion® membranes under various processing 
conditions.  Membranes were annealed at 210 oC.  
 
Preparation 
Technique 
Water 
Sorption 
(wt%) 
Methanol 
Sorption 
(wt%) 
Proton 
Conductivity 
(mS/cm) 
Methanol 
Permeability 
(cm2/s) 
(x 106) 
Selectivity 
(S s/cm3) 
(x 1000) 
Extruded 20.8 75.0 21.0 8.07 2.7 
Solution 
Cast 28.1 116 20.5 3.26 6.3 
Heat 
pressed 32.2 124.6 12.0 0.55 21.9 
 
 
Water and methanol sorption increased for the heat pressed Nafion® compared to the 
extruded and solution cast membranes. The conductivity of the solution cast membrane 
was 2-fold higher compared to the extruded membrane and more than three times higher 
than the heat pressed Nafion®. The trends in proton conductivity do not scale with the 
water sorption data. It was shown in Chapter 1 that proton conductivity typically scales 
with the volume fraction of water sorbed into the membrane. Methanol permeability 
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showed the opposite trend of the sorption data, which coincided with increases in 
selectivity. The selectivity increase for the heat pressed membranes can be mainly 
attributed to the decrease in methanol permeability. From Figure 5.2, the heat pressed 
membrane does not differ from the Nafion® 117 membrane chemically, therefore this 
suggests that changes in the morphology are affecting the transport properties of the 
membrane. 
 
Transport properties are a pre-screening tool in determining the feasibility of PEMs for 
use in the DMFC. The data in Table 5.2 suggests that each form of the Nafion® 
membrane will result in a DMFC voltage output. Figure 5.4 shows DMFC data for the 
extruded, solution cast, and heat pressed membranes run with a methanol feed 
concentration of 2 M.  
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Figure 5.4. Fuel cell results of Nafion® (prepared or treated at 210 oC) using various 
preparation techniques. Experimental conditions – methanol feed 
concentration – 2 M; methanol volumetric flow rate – 4 mL/min; Cell and 
cathode inlet temperature – 80 oC; cathode backpressure – 176 kPa. 
 
This data shows that the heat pressed membrane has a power output ~50% compared to 
the solution cast and extruded Nafion® 117 membrane. This decrease in performance can 
be primarily attributed to lower proton conductivity compared to the other membranes 
(~50% lower). A change in chemistry was not observed; therefore, the reason for the poor 
performance may be attributed to a change in morphology. The formation of the heat 
pressed membrane is different from the other techniques. It was shown in Chapter 3 that 
solution cast Nafion® resulted in semi-crystalline behavior when the membrane was 
annealed. This was not detrimental to the fuel cell performance of the solution cast 
membrane.  
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5.4. Heat pressed Nafion® Blends 
Heat pressed Nafion® blends were produced with PVDF, PVA, and also PAN with the 
goal of improving proton/methanol selectivity. PVDF260-261, PVA262-265, and PAN266-269 
were chosen because of their reported use in applications where an affinity for water over 
alcohols was desired. Table 5.3 lists the water and methanol sorption data for Nafion®, 
PVDF, PVA, and PAN all produced using the heat pressed protocol described in this 
study.  
 
Table 5.3. Water and methanol sorption of heat pressed polymers. 
 
Polymer Water Sorption (wt%) Methanol Sorption (wt%) 
Nafion®* 24.2 124 
PVA 30.2 8.7 
PVDF 17.6 21.3 
PAN 9.5 39.9 
* acidified 
Heat pressed Nafion® has five times higher affinity for methanol over water which can be 
a predictive measure of the high methanol permeability in Nafion®. The other heat 
pressed polymers show methanol sorption values 3-10 times lower than Nafion®, and 
similar to solution cast PVA in Chapter 4, heat pressed PVA shows selectivity for water 
over methanol. The rationale in blending these polymers with Nafion® is to produce a 
blend, which has lower methanol permeability, while maintaining proton conductivity 
similar to the homopolymer, Nafion®.  
 
Results from previous chapters show the importance of morphology of the 
homopolymers and polymer blends on transport properties. Chapter 4 illustrates the role 
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that phase behavior plays on the polymer blend properties. A method to predict phase 
behavior or miscibility of a polymer blend is the miscibility parameter (MP) approach.270-
274 The miscibility parameter method is derived from the solubility parameter concept 
introduced by Hildebrand and Scott.275 This theory relates the enthalpy of mixing with 
solubility parameters of two polymers. 
( )22121 δδφφ −=Δ mH          (5.2) 
where ΔHm is the enthalpy of mixing per unit volume, φ1 and φ2 are the volume fractions 
of polymers 1 and 2, and δ1 and δ2 are the solubility parameters of polymers 1 and 2. The 
comparison of solubility parameters made necessary the examination of the contributions 
to each solubility parameter. The total solubility parameter is given by: 
2222
hpd δδδδ ++=          (5.3) 
where δd is the contribution from dispersive forces, δp is the contribution from polar 
forces and δh is the contribution from hydrogen bonding forces. It follows that the 
solubility parameters of blend components can be determined by multiplying the weight 
fractions of each component in the blend by the solubility parameter of each respective 
component.  
11 w
polypoly
A δδ =          (5.4) 
22 w
polypoly
B δδ =          (5.5) 
The miscibility parameter is then calculated by:  
( )2polyBpolyAMP δδ −=          (5.6) 
where polymers become miscible when the miscibility parameter is less than 0.1274. The 
MP is related to the chi parameter in the following way. 
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( )2polyBpolyArRTV δδχ −=         (5.7) 
Assuming a constant temperature and similar reference volumes: 
( ) MPT polyBpolyA ∝−∝ 2δδχ         (5.8) 
In determining MP for Nafion® blends, two solubility parameters for Nafion® must be 
taken in account.276 The solubility parameter of the backbone of Nafion® is 10.1 
(cal/cm3)1/2 and for the side group is 16.7 (cal/cm3)1/2. Solubility parameters of the other 
polymers used are shown in Table 5.4. 
 
Table 5.4.  Solubility parameters of blend components. 
Polymer Solubility Parameter (cal/cm3)1/2 
Nafion®a 10.1 
Nafion®b 16.7 
PVA 15.1 
PVDF 16.4 
PAN 15.5 
a backbone 
b side chain 
 
This approach takes into account the blend ratios of the components and gives an optimal 
miscibility window. Figures 5.5-5.7 show the miscibility parameters of Nafion® blends 
with PVA, PVDF, and PAN, respectively over the entire blend composition range in 
terms of volume fraction of Nafion®. 
187 
 
 
10-5
10-3
10-1
101
103
0 0.2 0.4 0.6 0.8 1
χΤ
φ
Nafion
Nafion® backbone/PVA
Nafion® side chain/PVA
0.38
 
 
Figure 5.5. Predictive model of Nafion®/PVA blend miscibility using the miscibility 
parameter method.   
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Figure 5.6. Predictive model of Nafion®/PVDF blend miscibility using the miscibility 
parameter method. 
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Figure 5.7. Predictive model of Nafion®/PAN miscibility using miscibility 
parameter method.  
 
In each figure, the minima in each data set represent the blend with theoretically highest 
miscibility. Two data sets were necessary for each blend because Nafion® has two 
solubility parameters. Therefore, it would be necessary to balance the blend ratio based 
on both models. Each figure shows similar data as the solubility parameters do not vary 
significantly outside the range of two Nafion® solubility parameters. The intersection of 
the lines would be the optimal blend composition for the best miscibility and is shown to 
be the range of Nafion® volume fraction of 0.29-0.38. It is interesting to note that the 
intersection of the data sets in each figure lie at a miscibility parameter greater than 10. 
This value is too high for a blend to be considered miscible. This suggests that each blend 
would be immiscible. Another important property to account for in developing a blend 
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for DMFC applications is proton conductivity. PVA, PVDF, and PAN have negligible 
proton conductivities and act as diluents to the proton conductivity. For this reason, the 
preparation of these blends is focused on membranes containing a high volume fraction 
(φNafion > 0.5) of Nafion®. However, the theoretical model shows that miscibility will be 
attained at lower volume fractions of Nafion®. In all figures, it is observed that the blends 
are immiscible on a molecular level at high volume fractions of Nafion®.  
 
5.4.1. Nafion®/PVA Blends 
Nafion® and PVA were blended using the heat pressing described in section 5.2.1. This 
study discusses the transport properties and morphology of the heat pressed blends to 
determine the effect of heat pressing and blend composition. The proton conductivity and 
methanol permeabilities of neutralized, heat pressed Nafion®, PVA, and Nafion®/PVA 
blends (5, 50 wt% PVA or φNaf – 0.957, 0.540) are shown in Table 5.5. This data will be 
interesting to compare with solution cast Nafion®/PVA blends described in Chapter 4. 
 
Table 5.5. Proton conductivity and methanol permeability of neutralized heat pressed 
Nafion®/PVA membranes. 
 
φNafion 
Proton Conductivity 
(mS/cm) 
Methanol Permeability 
(cm2/s) (x 106) 
1 0.013 0.24 
0.957 0.009 5.78 
0.540 0.007 0.15 
0 0.002 0.23 
 
The magnitudes of the proton conductivity values are on the order of 10-6-10-4 S/cm. 
These values are too low for feasible fuel cell applications as stated earlier. The methanol 
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permeabilities of the Nafion® and PVA homopolymers and Nafion®/PVA (50 wt% PVA, 
φNafion-0.540) blend were similar. The Nafion®/PVA blend containing 5 wt% PVA (φNafion 
– 0.957) showed an order of magnitude increase in methanol permeability compared to 
the other values on the graph. The sudden increase in methanol permeability may be due 
to an increased water sorption of the membrane. This is because water and methanol are 
miscible in one another and as more water fills the membrane, methanol may have an 
easier pathway through the swollen membrane. Due to the low conductivity values, the 
blends were reacidified, and transport data are listed in Table 5.6. 
 
Table 5.6. Proton conductivity and methanol permeability of acidified heat pressed 
Nafion®/PVA membranes. 
 
φNafion 
Proton conductivity  
(mS/cm) 
Methanol Permeability 
(cm2/s) (x 106) 
1 12.0 0.55 
0.957 15.0 4.52 
0.540 9.3 0.87 
0 0.002 0.12 
 
Proton conductivities of Nafion® and the Nafion®/PVA blends were ~10 mS/cm, which 
were three orders of magnitude greater than the neutralized membranes. The effect of 
acidification on the transport data of Nafion®/PVA blends coincides with the 
Nafion®/PVDF blends. The methanol permeabilities of acidified blends compare well 
with the neutralized blends.  
 
From Tables 5.5 and 5.6, it is observed that acidification causes substantial increases in 
proton conductivity in heat pressed Nafion® membranes with minimal effects on 
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methanol permeability values. This suggests that the acidification process rearranges the 
ionic conductive channels within the membrane allowing for enhanced proton transport. 
However, this morphological change is not conducive to greater methanol transport. This 
is interesting because in Chapter 3, it was shown that acidification in solution cast 
Nafion® membranes results in similar increases in both proton and methanol transport. 
The difference in transport data suggests heat pressing is inducing a membrane structure 
that promotes a higher selectivity for protons over methanol. 
 
It is also interesting to compare the transport data of the solution cast Nafion®/PVA 
blends (Chapter 4) and the heat pressed Nafion®/PVA blends. It is important to note that 
the comparison is made with the acidified heat pressed Nafion®/PVA blends. Figure 5.8 
shows the proton conductivities and methanol permeabilities of Nafion®, PVA, and 
Nafion®/PVA (5, 50 wt% PVA or φNafion – 0.957, 0.540) blends. 
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Figure 5.8.  Proton conductivity versus methanol permeabilities of Nafion®, 
PVA, Nafion®/PVA blends (5, 50 wt% PVA or φNafion – 0.957, 
0.540) prepared at 210 oC. The filled data points represent heat 
pressed membranes and the open data points represent solution 
cast membranes. 
 
The solution cast membranes show a simultaneous decrease in proton conductivity and 
methanol permeability, while the heat pressed blends maintain relatively constant proton 
conductivity and a decrease in methanol permeability. The observed trend of the solution 
cast membranes was expected due to the dilution effect of PVA in the blend, while the 
heat pressed blends do not show a similar trend. This data suggests that different 
morphologies may be present in melt pressed blends. 
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To determine if chemical interactions are occurring in the heat pressed blends, FTIR 
experiments were performed and are shown in Figure 5.9. 
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Figure 5.9. Infrared spectra (ATR) of heat pressed Nafion®, PVA and Nafion®/PVA 
(50 wt% PVA or φNafion –0.540) blend. 
 
 
 
Infrared data clearly shows that interactions are not occurring between Nafion® and PVA 
in the heat pressing process. Representative bands of Nafion® (1140, 1200 cm-1 – CF2 
symmetric and asymmetric stretching) and PVA (broad band centered at 3300 cm-1- O-H 
stretching of the hydroxyl group) are shown in the blend without shifting. The spectra 
confirm the hypothesis of a phase separated blend. This contrasts with the infrared data in 
Chapter 4 in which the solution cast blend of Nafion® and PVA does show interactions as 
the annealing temperature is increased.  
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An SEM image of the surface of the Nafion®/PVA blends is shown in Figure 5.10. 
 
 
 
Figure 5.10. SEM image of the surface of acidified heat pressed Nafion®/PVA blend 
(50 wt% PVA or φNafion –0.540). 
 
This image shows that Nafion® and PVA are phase separated at the micron level.  
Aggregates of PVA are shown along the surface of the membrane. The image suggests 
that Nafion® and PVA are not miscible as irregularly shaped PVA domains are shown 
along the surface. The domain sizes are in the range of 20-200 nm. The particle sizes of 
the PVA powders used in heat pressing contained particles less than 63 microns. The 
image shows that some PVA particles aggregated together as shown by the agglomerates 
exceeding 63 microns. Other particles did not aggregate into larger particles. The Nafion® 
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and PVA particles were able to form dense membranes, but this was likely due to the heat 
and pressure applied to the powders and not because of favorable intermolecular 
interactions allowing the powders to phase mix. It is important to note that the melting 
point of PVA is 228 oC, but the blends were heated in the temperature range of 190-210 
oC. Therefore, at these conditions, PVA did not melt. The reason for this temperature 
choice was due to limitations on heat pressing Nafion®. Nafion® was unable to form a 
dense membrane when heat pressed at temperatures below 190-210 oC, and at 
temperatures greater than this temperature range, Nafion® was unable to form a 
transparent membrane.  This data suggests that Nafion® and PVA were not miscible when 
heat pressed into a membrane at these conditions and compositions. The phase 
segregation of the heat pressed Nafion®/PVA blends showed clear differences compared 
to the phase mixed structure of the solution Nafion®/PVA blends, which were evidenced 
in the transport properties. 
 
5.4.2. Nafion®/PVDF Blends 
Optically transparent Nafion®/PVDF blends were prepared at 5, 10, 20, 30, 40, and 50 
wt% PVDF composition (φNafion – 0.968, 0.935, 0.865, 0.789, 0.706, 0.616, respectively). 
The transport properties of each blend were characterized (proton conductivity and 
methanol permeability). The proton conductivity and methanol permeability of 
neutralized Nafion®/PVDF blends are shown as a function of Nafion® content in Figure 
5.11. 
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Figure 5.11. Proton conductivity ({) and methanol permeability () of neutralized 
heat pressed Nafion®/PVDF membranes as a function of Nafion® volume 
fraction. 
 
 
Proton conductivities of the neutralized Nafion®/PVDF blend membranes are on the same 
order as the neutralized melt pressed Nafion®/PVA blends shown in Table 5.5. These 
values are two to four orders of magnitude lower than Nafion® 117. This was expected as 
the acidic groups have been neutralized and do not have active sites for proton 
conduction. It was shown that after an initial increase in proton conductivity up to 10 
wt% PVDF (φNafion – 0.935), proton conductivity decreases as more PVDF is added to the 
blend. This decrease was expected since PVDF shows a proton conductivity of 1.1 x 10-7 
S/cm. There was little difference in methanol permeability as a function of blend 
composition. An interesting characteristic of the PVDF membrane was that it showed 
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higher methanol permeability than Nafion® and that all Nafion®/PVDF blends show 
higher methanol permeabilities than the heat pressed, neutralized Nafion® membrane. 
This was not expected as the methanol sorption of PVDF is approximately six times 
lower than Nafion® as shown in Table 5.3. Due to the low proton conductivity values of 
the neutralized blends, the membranes were acidified. Figure 5.12 shows the proton 
conductivity and methanol permeability data of the acidified Nafion®/PVDF blends.  
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Figure 5.12. Proton conductivity ({) and methanol permeability () of acidified heat 
pressed Nafion®/PVDF membranes as a function of Nafion® volume 
fraction. 
 
 
The proton conductivity values of the acidified Nafion®/PVDF blends increased two to 
four orders of magnitude compared to the neutralized blends. Also, the methanol 
permeability values decreased approximately an order of magnitude from the pure 
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Nafion® membrane to the Nafion®/PVDF blend containing 50 wt% PVDF (φNafion – 
0.616). It is interesting to note that the rate of decrease in methanol permeability is about 
50% higher than the rate of decrease in proton conductivity for the Nafion®/PVDF blend 
from 100 to 50 wt% Nafion® (φNafion – 1-0.616). The selectivity of the Nafion®/PVDF 
blend containing 50 wt% PVDF (φNafion – 0.616) is approximately four times higher than 
the selectivities of the other blends containing less PVDF. Although the addition of 
PVDF is increasing the selectivity of the membrane, the proton conductivities of the 
blends are less than 10 mS/cm, which is a general cutoff for proton conductivity to 
achieve sufficient power output.  
 
Based on the miscibility estimation in Figure 5.6, the blends prepared in this study are 
likely to be immiscible. To determine if this hypothesis is true, FTIR experiments were 
performed on the homopolymers and membranes. Figure 5.13 shows the infrared spectra 
of Nafion®, PVDF, and Nafion®/PVDF (50 wt% or φNafion – 0.616) blend. The Nafion® 
and Nafion®/PVDF (50 wt% or φNafion – 0.616) blend were acidified.  
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Figure 5.13. Infrared spectra (ATR) of Nafion®, PVDF, and Nafion®/PVDF blend (50 
wt% PVDF). 
 
From the infrared spectra, interactions between the blend components were not observed, 
evidenced by no shifting of representative homopolymer bands, nor 
disappearance/appearance of new bands. Characteristic bands of Nafion® (981 and 969 
cm-1 – C-O-C stretching) and PVDF (1403, 875 cm-1 – CF2-CH2 skeletal stretching) were 
observed in the blend without shifting. This is typical of non-interacting polymer blends. 
Infrared data does not show differences in chemical structure for the neutralized and 
acidified blend except in regions characteristic of the tetrabutylammonium cation (3000-
2900 cm-1) (data not shown).  
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Scanning electron microscopy on the Nafion®/PVDF (50 wt% PVDF or φNafion – 0.616) 
blend was performed to determine if the blends were miscible on the micron level.  
 
 
 
Figure 5.14. SEM image of the surface of acidified heat pressed Nafion®/PVDF blend 
(50 wt% PVDF or φNaf – 0.616). 
 
From Figure 5.14, the Nafion®/PVDF blend appears separated.  Due to the differences in 
electron density of the polymers, one region will appear darker than the other. 
Specifically, Nafion® will appear darker than PVDF and will be the continuous phase. 
Therefore, PVDF separates from Nafion® into 50-250 nm domains. As expected from the 
miscibility model, transport data, and infrared spectra, Nafion® and PVDF are immiscible 
in the range of 50-95 wt% Nafion® (φNafion – 0.616-0.968). Blends with less than 50 wt% 
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Nafion® (φNafion  - 0.616) were not prepared as the proton conductivity would be too low 
to be considered for fuel cell applications. 
 
Theoretical modeling of the proton conductivities of neutralized and acidified 
Nafion®/PVDF blend membranes were performed based on the model equations 
described in Chapter 4 and are shown in Figure 5.15.a and b.  
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Figure 5.15.a. Proton conductivity of neutralized heat pressed Nafion®/PVDF blends 
showing the experimental data ({) and the series, parallel, Maxwell, and 
miscible model regressions.  
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Figure 5.15.b.Proton conductivity of acidified heat pressed Nafion®/PVDF blends 
showing the experimental data ({) and the series, parallel, Maxwell, and 
miscible regressions. 
 
 
Figure 5.15.a shows that neutralized Nafion®/PVDF blends show morphology more 
closely resembling a series configuration. This configuration suggests that the PVDF 
phase is the continuous phase in the blend, which explains why the proton conductivities 
are very low compared to the acidified membranes. PVDF is much less conductive than 
Nafion® so the blend in this configuration is unable to form proton conductive channels, 
and proton transport is hindered. In contrast to the neutralized Nafion®/PVDF blends 
which fit more closely to a series model, the acidified Nafion®/PVDF proton conductivity 
data fits a parallel configuration model (Figure 5.15.b). This model suggests that the 
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morphology can be significantly affected by acidification, which has been shown to 
affect proton conductivity.   
 
5.4.3. Nafion®/PAN Blends 
The transport properties of heat pressed Nafion®/PAN blends are presented in Table 5.7. 
 
Table 5.7. Proton conductivity and methanol permeability of neutralized heat pressed 
Nafion®/PAN blends. 
 
φNafion 
Proton Conductivity 
(mS/cm) 
Methanol Permeability 
(cm2/s) (x106) 
1 0.013 0.24 
0.95 0.008 0.45 
0.52 0.006 0.15 
0 0.002 0.09 
 
 
Both proton conductivity and methanol permeability decrease an order of magnitude over 
the entire composition range. The proton conductivities were over 3-4 orders of 
magnitude lower than Nafion® 117 (26 mS/cm). An interesting trend was observed for 
the methanol permeability as it slightly increased when 5 wt% PAN was added to 
Nafion®. This was unexpected as the methanol permeability of PAN is lower than that of 
Nafion®. 
 
Due to the low proton conductivity values, acidification was performed on the blends 
with the goal of increasing proton conductivity. The transport values are listed in Table 
5.8. 
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Table 5.8. Proton conductivity and methanol permeability of acidified heat pressed 
Nafion®/PAN blends.  
 
φNafion 
Proton Conductivity 
(mS/cm) 
Methanol Permeability 
(cm2/s) (106) 
1 12.0 0.55 
0.95 47.6 0.86 
0.52 0.73 0.72 
0 0.002 0.09 
 
Proton conductivity increased 3 orders of magnitude for the acidified Nafion®/PAN 
blends compared to the neutralized blends. The decrease in conductivity from acidified 
Nafion® to PAN was approximately 4 orders of magnitude. In comparison, the 
neutralized blends only showed an order of magnitude decrease. This shows that 
acidification plays a major role in enhancing proton conductivity. The decrease in 
methanol permeability was approximately one order of magnitude from pure Nafion® to 
pure PAN. Similar to the acidified Nafion®/PVDF and Nafion®/PVA blend data, 
acidification strongly affects proton conductivity but has a limited effect on methanol 
permeability.  
 
Infrared studies were performed on the Nafion®/PAN blends to determine if 
intermolecular interactions were occurring between Nafion® and PAN in the blend. The 
structure of Nafion®, PAN, and Nafion®/PAN (50 wt% PAN or φNafion – 0.52) blend are 
shown in Figure 5.16 using FTIR. 
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Figure 5.16. Infrared spectra (ATR) of Nafion®, PAN, and Nafion®/PAN blend (50 
wt% or φNaf – 0.52). Data has been offset for visual clarity. 
 
The infrared spectra show that reactions or other types of intermolecular interactions are 
not occurring in the blend membrane. This was shown by the lack of band shifting and 
band appearance or disappearance. The characteristic bands of the homopolymers 
remained in the blend although changes in absolute band heights are evident. The fact 
that intermolecular interactions are not occurring suggests that Nafion® and PAN are 
phase separated. Characteristic bands of each homopolymer are shown in the infrared 
spectra of the blend.  
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A micrograph of the Nafion®/PAN blend is shown in Figure 5.17. The figure shows an 
SEM image of the surface of an acidified Nafion®/PAN blend containing 50 wt% PAN 
φNafion – 0.52. 
 
 
 
Figure 5.17. SEM image of surface of acidified Nafion®/PAN blend (50 wt% PAN or 
φNafion – 0.52).  
 
 
 
Figure 5.17 shows that Nafion® and PAN are phase separated. Domains of both Nafion® 
and PAN are shown across the surface of the membrane. Each phase of the blend is 
shown by the light (PAN) and dark (Nafion®) regions. Each polymer was able to form 
continuous domains separately without interactions between the polymers. Again, it is 
important to note that the melting temperature of PAN is 317 oC. However, the blends 
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were processed at 210 oC due to limitations in the formation of transparent Nafion® 
membranes. It is expected that a different morphology would be created at higher 
processing temperatures, but this may also be detrimental to the mechanical integrity of 
heat pressed Nafion®. Nafion® and PAN are indeed phase segregated, which was 
predicted from the miscibility parameter model and FTIR spectra.  
 
5.4.4. Selectivity 
Figure 5.18 shows the methanol permeability and proton conductivity data of heat 
pressed Nafion® and Nafion® blends with PVA, PVDF, and PAN. 
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Figure 5.18.  Proton conductivity versus methanol permeability of unannealed Nafion® 
117 (S), heat pressed Nafion® (U), Nafion®/PVA (), Nafion®/PVDF 
({), and Nafion®/PAN () membranes.  
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Figure 5.18 shows that proton conductivity varies over six orders of magnitude while 
methanol permeability only varies over three orders of magnitude. The proton 
conductivity can be divided into two regions – one showing conductivities < 0.1 mS/cm 
and one showing conductivities > 1 mS/cm. The former group corresponds to the 
neutralized membranes while the later correlates with the acidified membranes. 
Membranes in the upper left hand portion of the group are desirable for PEMs for the 
DMFC as this would show low methanol permeability and high proton conductivity. Two 
Nafion®/PVDF membranes approach this desirable portion of the graph, but other than 
the separation of neutralized and acidified, no obvious trends are shown in the figure. 
Compared to Nafion® 117, the Nafion®/PAN (5 wt% PAN) blend membrane is observed 
to show higher proton conductivity with a decrease in methanol permeability, which is 
desired for a more selective PEM for the DMFC. 
 
 
5.5. Conclusions 
Heat pressing polymer blends is a simple technique that allows for processing without a 
solvent. In this study, Nafion® blend membranes consisting of PVDF, PVA, or PAN were 
prepared for use in the direct methanol fuel cell. Neutralizing Nafion® was essential for 
the heat pressing process, but reacidification was needed to increase proton conductivity. 
The reacidification of Nafion® and Nafion® blends was shown to increase proton 
conductivities three orders of magnitude with minimal effect on methanol permeability. 
In comparison, the reacidified blends were found to be more selective than the 
neutralized blends. An interesting comparison of the suggested morphologies of the 
neutralized and acidified Nafion®/PVDF blends was shown using proton conductivity 
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modeling. Modelling showed that after acidification the suggested blend morphology 
evolved into a Maxwell’s model configuration compared to a series morphology in the 
neutralized blend, which resulted in a three orders of magnitude increase in proton 
conductivity. The acidification process rearranged the morphology into a preferred 
configuration for proton conduction.  
 
Each blend was immiscible in the range of >50 wt% Nafion®, but only polymers 
containing >50 wt% Nafion® were considered due to the dilution effect on proton 
conductivity. Heat pressing Nafion® blends was successful, however, this technique also 
resulted in proton conductivity values lower than 10 mS/cm, a critical value for sufficient 
DMFC performance.  
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Chapter 6. Conclusions and Recommendations 
 
6.1. Conclusions 
The overall goal of this research was to determine how morphology affects selectivity in 
polymer electrolyte blend membranes. Specifically, recast Nafion®, solution cast Nafion® 
blends, and heat pressed Nafion® blends were investigated as model systems to 
understand the effect of blend composition, chemistry, and processing on selectivity. 
Below these results are summarized.  
 
Process conditions and casting solvent were shown to significantly affect morphology, 
and subsequently the transport properties of recast Nafion® membranes. Processing 
conditions included annealing, which resulted in a decrease in proton conductivity, water 
sorption, and methanol permeability. These changes coincided with a semi-crystalline 
morphology observed by SAXS, which was shown to be irreversible. The data suggested 
that semi-crystallinity inhibits ionic percolated networks, which are preferred for proton 
transport. Another technique referred to as acidification was performed on the recast 
membranes and showed an increase in all transport properties. SAXS data revealed a 
different morphology, which was associated with the formation of ionic aggregates. The 
differences between a semi-crystalline and ionically aggregated morphology were 
evidenced in the transport data. Overall, the differences in transport between acidified 
and unacidified membranes were more significant than the differences between annealed 
and unannealed membranes. However, the differences between acidified and unacidified 
were indistinguishable from the SAXS data.  
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The choice of casting solvent for recast Nafion® also had a significant impact on transport 
properties, however no clear trend between transport and solvent properties was 
observed. The SAXS data did not show any significant differences between casting 
solvents. Overall, comparing different processing conditions and casting solvents all 
revealed changes in transport properties, but SAXS data could only distinguish 
differences in morphology between annealed and unannealed membranes. Morphological 
differences between other conditions were not clearly observed.  
 
Solution cast membranes of Nafion® and PVA were prepared and the transport data was 
measured as a function of composition and annealing temperature. The addition of a 5 
wt% PVA was shown to improve DMFC performance at 8 M methanol, which was 
attributed to increases in selectivity for protons over methanol. Interesting selectivity 
properties were observed for the Nafion®/PVA blend containing 50 wt% PVA in which 
selectivity increased over the annealing temperature range of 120-250 oC. Using a variety 
of polymer characterization techniques, it was determined that Nafion® and PVA were 
interacting leading to phase mixing. FTIR results suggested hydrogen bonding between 
the hydroxyl groups of PVA and the sulfonic acid groups of Nafion®. DSC data showed 
that the intermolecular interactions were inhibiting the crystallization of PVA, which 
otherwise would have created phase separation. Proton conductivity models showed the 
polymers were interacting leading to changes in the critical volume fractions of each 
blend component. Solution cast polymer blends were shown to have the ability to impact 
selectivity in PEMs for the DMFC. A number of parameters, including blend 
213 
 
 
composition, annealing temperature, morphology, and chemical interactions were shown 
to be important to the transport properties of the solution cast blends.  
 
Heat pressing was shown to have no effect on the polymer chemistry of Nafion®. Also, it 
was shown that neutralization of Nafion® was essential for the melt processing technique, 
but reacidification was needed to increase proton conductivity. In comparison with 
Nafion® membranes prepared via extrusion or solution casting, the heat pressed 
membrane was shown to have the highest selectivity yet the poorest DMFC performance. 
 
Polymer electrolyte blend membranes consisting of Nafion® and PVDF, PVA, or PAN 
were prepared for use in the direct methanol fuel cell. The reacidification of Nafion® and 
Nafion® blends was shown to increase proton conductivities three orders of magnitude 
with minimal effect on methanol permeability. In comparison, the reacidified blends were 
found to be more selective than the neutralized blends. An interesting comparison of the 
suggested morphologies of the neutralized and acidified Nafion®/PVDF blends was 
shown using proton conductivity modeling. Modelling showed that after acidification the 
suggested blend morphology evolved into a parallel configuration compared to a series 
morphology in the neutralized blend. This evolution resulted in a three orders of 
magnitude increase in proton conductivity. 
 
Each blend was determined to be immiscible in the range of 50 wt% or more Nafion®. 
However, only polymers containing 50 wt% or more Nafion® were considered due to the 
dilution effect of the addition of other blend components with respect to proton 
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conductivity. Heat pressing Nafion® blends was found to be useful in the formation of 
blends, however, proton conductivity values were found to be lower than 10 mS/cm. 
 
Figure 6.1 provides a cumulative overview of the transport properties of the membranes 
developed in this work. 
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Figure 6.1. Proton conductivity versus methanol permeability of heat pressed Nafion® 
blends ({), solution cast Nafion® (), solution cast Nafion®/PVA blends 
(), and unannealed Nafion® 117 (z). 
 
This graph shows the difficulties in developing PEMs for the DMFC with high proton 
conductivity and low methanol permeability. These data points would be in the upper left 
hand portion of the graph, which is highlighted in the figure. Most of the PEMs fall close 
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to the line meaning proton conductivity and methanol permeability change 
simultaneously.  
 
The importance of acidification is shown in the comparison of the heat pressed blends. A 
large group of data points lie at values several orders of magnitude from the line. These 
membranes were the neutralized melt pressed Nafion® blends. The points that lie close to 
or above the line were the acidified melt pressed blends. Other isolated points including 
the Nafion®/PVA (5 wt% PVA; annealed at 230 oC) blend and solution cast Nafion® cast 
from the water/alcohol cosolvent and acidified show similar and higher proton 
conductivities with a decrease in methanol permeability. The Nafion®/PVA (5 wt% PVA) 
blend showed improved selectivity due to increased phase mixing after annealing, while 
the solution cast Nafion® membranes showed similar selectivities to Nafion® 117 due to 
an increase in conductivity after acidification.  
 
6.2. Recommendations 
From Figure 6.1, it can be concluded that developing more selective membranes for the 
DMFC is a complex problem. Differences in processing conditions, morphologies, blend 
chemistries, and casting solvents were studied in this research, yet most of the 
membranes were not more selective than Nafion® 117. Recommendations for the 
development of PEMs for the DMFC include the creation of phase mixing between 
proton conductive and selective polymers and the necessity for a percolated, ionic 
network, which was shown to be created via acidification. Annealing was shown to be 
necessary for the preparation of solution Nafion® and Nafion®/PVA, but may cause semi-
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crystalline domains to form which may have an adverse effect on the proton transport 
through the membrane. Heat pressing was shown to be an interesting and simple avenue 
to prepare Nafion® blends, but proton conductivities were shown to decrease using this 
process. Different preparation protocols including a lower processing temperature and 
longer acidification times, which may aid in the formation of a percolated network and 
decrease the formation of semi-crystalline domains.  
 
Other interesting ideas may be useful to the future direction of PEMs for DMFC 
applications. One idea is the development of polymer blends consisting of hydrocarbon-
based ion-containing polymers and selective polymers would be an interesting avenue to 
pursue. The fluorocarbon chemistry of Nafion® is incompatible with most hydrocarbon-
based blend components. A recommendation to increase the compatibility and synergistic 
effects expected from blending would be to blend highly proton conductive hydrocarbon-
based polymers, such as sulfonated poly(ether ether ketones) or sulfonated poly(arylene 
ethers), with PVA. Blends containing these polymers would likely introduce secondary 
bonds capable of forming a phase mixed structure.  
 
The introduction of compatibilizers into polymer blends is another recommendation. A 
small amount of compatibilizer added to a system may allow for greater phase mixing 
with little effect to proton conductivity. This may allow better blending of fluorocarbon 
based ionomers and hydrocarbon based selective polymers. Similar to a compatibilizer 
would be a crosslinking agent that would react with side groups not participating in 
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proton conduction. This would allow for interaction between the blend components 
without a large decrease in proton conductivity.  
 
Another interesting approach would be the introduction of both proton conductive side 
groups and selective side groups into one polymer repeat unit. This would eliminate the 
thermodynamic difficulties associated with blending. Similarly, the development of a 
random or block copolymer utilizing the side groups described above would eliminate 
some of the thermodynamic constraints associated with blending.  
 
In general, the next generation of polymer blends for the DMFC should be mechanically, 
oxidatively, and thermally stable (up to 80 oC) and provide long-term durability. The 
blends should also provide orders of magnitude decrease in methanol permeability 
(compared to Nafion®), while maintaining proton conductivity values similar to Nafion®. 
A phase mixed morphology will yield these selectivity improvements. A combination of 
these components is non-trivial and new polymer chemistries may be necessary to attain 
a combination of the requirements listed above.  
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